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resumo 
 
 
Para compreender a base molecular do sistema de auto-incompatibilidade 
gametofítica baseada em S-RNases da subtribo Pyrinae da família Rosaceae, 
neste trabalho, a espécie Malus x domestica foi utilizada para determinar os 
genes envolvidos na especificidade S do pólen. Previamente 18 genes F-box, 
semelhantes aos “S-locus F-box brothers” (SFBBs), foram identificados por 
uma abordagem baseada em técnicas convencionais de reação em cadeia da 
polimerase e por análise de transcriptomas do pólen de nove cultivares de M. 
domestica. Contudo, nem todos os 10 haplótipos S, cobertos pelos nove 
cultivares de M. domestica utilizados, foram caracterizados para todos os 
genes SFBB, e 12 sequências SFBB encontradas, alinham como sequências 
altamente divergentes em 12 genes SFBB. Assim, neste trabalho, por 
clonagem e sequenciação de dois alelos altamente divergentes, 
nomeadamente, SFBBGu8 e SFBBN3 dos genes SFBB5 e SFBB1, 
respectivamente, concluiu-se que a sequência SFBBGu8 representa os alelos 
divergentes S1- e S24- do gene SFBB5, enquanto que a sequência SFBBN3 
representa o alelo divergente S28- do gene SFBB1. Adicionalmente, para o 
gene SFBB5 não existe variação do número de cópias dos SFBBs. Este 
padrão foi também observado para outros 12 genes SFBB. Para 15 dos 18 
genes SFBB identificados, foi determinada associação com o gene da S-
RNase (gene envolvido na especificidade S do pistilo) através de análises de 
segregação da progenia F1 resultante do cruzamento de Fuji (S1, S9) com 
Honeycrisp (S2, S24), previamente genotipada. Como resultado, para os 
genes SFBB2, SFBB3, SFBB4, SFBB6, SFBB7, SFBB8, SFBB9, SFBB10, 
SFBB11, SFBB12, SFBB13, SFBB14 e SFBB16, foi estabelecida associação 
com pelo menos um alelo da S-RNase. Assim, dado que estes 13 genes SFBB 
também apresentam expressão exclusiva no pólen e polimorfismo específico 
para cada haplótipo S, estes genes são genes S do pólen.  
Em conclusão, foram identificadas características consistentes com o modelo 
“collaborative non-self-recognition” em M. domestica, tais como, um grande 
número de genes SFBB e a presença de alelos SFBB altamente divergentes, 
que podem ser conservados noutros haplótipos S e assim, estar envolvidos no 
reconhecimento de uma S-RNase não-própria. Contudo, em M. domestica, não 
ser verificou variação do número de cópias dos SFBBs nos diferentes 
haplótipos S, como observado em Petunia. A caraterização dos genes S do 
pólen envolvidos no mecanismo de auto-incompatibilidade em M. domestica é 
o primeiro passo para caracterizar o mecanismo de rejeição do pólen do 
próprio, na subtribo Pyrinae. 
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abstract 
 
To understand the molecular basis of the S-RNase-based gametophytic self-
incompability system of subtribe Pyrinae from Rosaceae family, in this work, 
Malus x domestica species was used to determine the genes involved in pollen 
S-specificity. Previously 18 F-box genes, similar to the S-locus F-box brothers 
(SFBBs), were identified by conventional polymerase chain reaction techniques 
and with the pollen transcriptome analysis of nine M. domestica cultivars. 
However, not all 10 S-haplotypes, covered by the nine M. domestica cultivars 
used, have been characterized for all SFBB genes, and 12 SFBB sequences 
found, align as highly divergent sequences in 12 SFBB genes. Thus, in this 
work, by cloning and sequencing analysis of two highly diverged alleles, 
namely, SFBBGu8 and SFBBN3 of SFBB5 and SFBB1 genes, respectively, 
was concluded that SFBBGu8 sequence represent the S1- and S24- diverged 
alleles of SFBB5 gene, while SFBBN3 sequence represent the S28- diverged 
allele of SFBB1 gene. Additionally, for SFBB5 gene there is no SFBB copy 
number variation. This pattern was also observed for other 12 SFBB genes. For 
15 of the 18 SFBB genes identified, linkage with the S-RNase gene (gene 
involved in pistil S-specificity) was established by segregation analysis of the 
F1 progeny from the cross of Fuji (S1, S9) with Honeycrisp (S2, S24), 
previously genotyped. As result, for SFBB2, SFBB3, SFBB4, SFBB6, SFBB7, 
SFBB8, SFBB9, SFBB10, SFBB11, SFBB12, SFBB13, SFBB14 and SFBB16 
genes, linkage with at least one S-RNase allele was established. Thus, since 
these 13 SFBB genes also present pollen-specific expression and S-haplotype-
specific polymorphism, these genes are pollen S-genes.  
In conclusion, consistent features with the collaborative non-self recognition 
model, were identified in M. domestica species, such as, large number of SFBB 
genes and the presence of highly diverged SFBB alleles, that may be 
conserved in other S-haplotypes, and thus, involved in the recognition of a 
particular non-self S-RNase. However, in M. domestica species, it was not 
verified SFBB copy number variation within the different S-haplotypes, as 
observed in Petunia. The characterization of the S-pollen genes involved in the 
self-incompatibility mechanism in M. domestica species is the first step to 
characterize self-pollen rejection mechanism in Pyrinae subtribe. 
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  M.	  sieversii;	   [Msy]	  =	  M.	  
sylvestris;	   [Mt]	   =	   M.	   transitoria;	   [Pb]	   =	   Pyrus	   bretschneideri;	   [Pc]	   =	   P.	   communis;	   [Pp]	   =	   P.	   pyrifolia;	   [Pu]	   =	   P.	  
ussuriensis;	  [Sa]	  =	  Sorbus	  aucuparia.	  Adapted	  from	  Vieira	  et	  al.,	  (2010).	  
	  
FIGURE	  5.	  PHYLOGENETIC	  TREE	  OF	  DEDUCED	  AMINO	  ACID	  SEQUENCES	  OF	  M.	  DOMESTICA	  F-­‐BOX	  GENES.	  	   13	  
F-­‐box	  sequences	  were	  classified	  into	  different	  SFBB	  genes	  when	  deduced	  amino	  acid	  identify	  was	  greater	  than	  88.0%.	  
PiSLF2	  of	  Petunia	  inflata	  was	  used	  as	  an	  outgroup.	  Numbers	  beside	  branches	  are	  bootstrap	  values	  >	  50%.	  Bar	  under	  
tree	   represents	  number	  of	   amino	  acid	   substitutions	  per	   site.	  S-­‐haplotypes	  are	   shown	   in	  Parentheses.	  Phylogenetic	  
tree	  was	  obtained	  and	  adapted	  from	  Okada	  et	  al.,	  (2013).	  
	  
FIGURE	   6.	   SCHEMATIC	   REPRESENTATION	   OF	   COMPETITIVE	   INTERACTION	   AND	   ITS	   USE	   IN	   ESTABLISHING	  
THE	  FUNCTION	  OF	  POLLEN	  S-­‐GENES	  IN	  S-­‐RNASE-­‐BASE	  GSI.	  	   14	  
Functional	   testing	  of	   pollen	  S-­‐candidates	   relied	  on	   the	  heteroallelic	   pollen	   (HAP)	   effect.	  HAP	   (diploid	  pollen	   grains	  
containing	  two	  different	  S-­‐haplotypes)	  may	  arise	  from	  translocation	  or	  duplications	  of	  the	  S-­‐locus	  (Golz	  et	  al.,	  1999,	  
2001)	   or	   in	   tetraploids	   (Nettancourt,	   1977).	   The	   interaction	   between	   the	   two	   S-­‐alleles	   in	   HAP	   has	   been	   termed	  
competitive	  interaction	  (Lewis,	  1943).	  Competitive	  interaction	  between	  heteroallelic	  pollen	  breaks	  down	  SI	  (Golz	  et	  
al.,	  1999,	  2001;	  Nettancourt,	  1977).	  A)	  Self-­‐pollination	  and	  cross-­‐pollination	  of	  a	  diploid	  self-­‐incompatible	  S1S2	  plant.	  
For	  a	  diploid	  self-­‐incompatible	  plant	  of	  S1S2	  genotype,	  S1	  and	  S2	  pollen	  are	  rejected	  during	  their	  tube	  growth	  in	  the	  
S1S2	  pistil,	  due	  to	  matching	  of	  the	  S-­‐haplotypes,	  whereas,	  pollen	  of	  any	  other	  S-­‐haplotype	   is	  accepted	  by	  the	  S1S2	  
pistil	   for	   fertilization.	  B)	   SI	   breakdown	   in	   a	   tetraploid	  S1S1S2S2	  plant	  due	   to	  presence	  of	   two	  different	  S-­‐alleles	   in	  
diploid	  pollen	   (heteroallelic	  pollen).	  A	   tetraploid	  plant	  of	  S1S1S2S2	  genotype	  produces	   three	  S-­‐genotypes	  of	  pollen	  
and,	  whereas	  S1S1	  and	  S2S2	  pollen	  are	  rejected	  by	  S1S2	  and	  S1S1S2S2	  pistils,	  S1S2	  (heteroallelic)	  pollen	  is	  not.	  The	  
tetraploid	  plant	  rejects	  S1	  and	  S2	  pollen,	  consistent	  with	  the	  notion	  that	  the	  breakdown	  of	  SI	  lies	  on	  the	  pollen	  side.	  
Adapted	  from	  Wang	  and	  Kao,	  (2012).	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FIGURE	   7.	   SCHEMATIC	   REPRESENTATION	   OF	   THE	   MECHANISM	   OF	   POLLEN	   ACCEPTANCE	   AND	   REJECTION	  
ACCORDING	  TO	  THE	  COLLABORATIVE	  NON-­‐SELF	  RECOGNITION	  MODEL.	  	   17	  
(A)	  S1	  pollen	  is	  accepted	  by	  a	  S2/S3	  pistil;	  the	  F-­‐box	  proteins	  recognize	  and	  interact	  with	  both	  S-­‐RNases	  (S2	  blue;	  S3	  
green)	   produced	   by	   the	   pistil	   and	   mediate	   their	   degradation	   by	   the	   ubiquitin–26S-­‐proteasome	   system,	   thereby	  
allowing	  non-­‐self	  pollen	  to	  effect	  fertilization.	  (B)	  S1	  pollen	  is	  rejected	  by	  a	  S1/S2	  pistil;	  F-­‐box	  proteins	  do	  not	  interact	  
with	   its	   cognate	   S-­‐RNase	   (S1,	   yellow),	   leaving	   it	   active	   to	   exert	   its	   cytotoxicity	   to	   inhibit	   the	   growth	   of	   self-­‐pollen	  
tubes.	  Adapted	  from	  De	  Franceschi	  et	  al.,	  (2012).	  
	  
FIGURE	  8.	  NEIGHBOUR-­‐JOINING	  PHYLOGENETIC	  TREE	  OF	  164	  M.	  DOMESTICA	  SFBB	  SEQUENCES.	   22	  
Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013).	  The	  evolutionary	  distances	  were	  computed	  using	  
the	  number	  of	  differences	  method.	  When	  a	   sequence	   is	  present	   in	  more	   than	  one	   cultivar,	   these	  are	   indicated	   in	  
brackets.	   The	  published	  SFBB	   sequences	  have	  GenBank	  accession	  Numbers.	  SFFGu8	   and	   SFFN3	   sequences	  marked	  
with	  boxes.	  (Aguiar	  et	  al.,	  2016	  data	  not	  published;	  Vieira	  CP,	  personal	  communication).	  
	  
FIGURE	   9.	   PHYLOGENETIC	   TREE	   OF	   THE	   SEQUENCES	   OBTAINED	   FROM	   CLONING	   AND	   SEQUENCING	  
ANALYSIS	   OF	   SFBBGU8	   FROM	   IDARED,	   RED	   DELICIOUS,	   GOLDEN	   DELICIOUS,	   HONEYCRISP	   AND	   FUJI	  
CULTIVARS,	  USING	  BOTH	  SFBBGU8	  SPECIFIC	  PRIMERS.	  	   27	  
Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013).	  Designations	  are	  encoded	  as	  follows:	  [HoneyG8	  
and	  HoneyGu8]	  =	  Honeycrisp	  sequences;	  [FujiGu8	  and	  FujiG8]	  =	  Fuji	  sequences;	  [IdaredGu8	  and	  IdaredG8]	  =	   Idared	  
sequences;	   [Gdel	   Gu8]	   =	   Golden	   Delicious;	   [Reddel	   G8]	   =	   Red	   Delicious.	   Numbers	   are	   referent	   to	   the	   number	  
attributed	  to	  the	  positive	  colony	  used.	  SFBB-­‐like	  gene	  sequences	  are	  in	  gray	  and	  GU345808	  reference	  sequence	  is	  in	  
bue.	  
	  
FIGURE	   10.	   PHYLOGENETIC	   TREE	   OF	   THE	   SEQUENCES	   OBTAINED	   FROM	   CLONING	   AND	   SEQUENCING	  
ANALYSIS	   OF	   SFBBN3	   FROM	   THE	   NINE	  M.	   DOMESTICA	   CULTIVARS	   USED	   IN	   THE	   PRESENT	  WORK,	   USING	  
BOTH	  SFBBN3	  SPECIFIC	  PRIMERS.	  	   29	  
Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013).	  Designations	  are	  encoded	  as	  follows:	  [Honey]	  =	  
Honeycrisp	  sequences;	  [Emp]	  =	  Empire	  sequences;	  [Fuji]	  =	  Fuji	  sequences;	  [Rdel]	  =	  Red	  Delicious	  sequences;	  [McInt]	  =	  
McIntosh	  sequences;	  [NSpy]	  =	  Nothern	  Spy	  sequences;	  [Ida]	  =	  Idared	  sequences;	  [Gala]	  =	  Gala	  sequences;	  and	  [Gdel]	  
=	  Golden	  Delicious	  sequences.	  Numbers	  are	  referent	  to	  the	  number	  attributed	  to	  the	  positive	  colony	  used.	  SFBB-­‐like	  
gene	  sequences	  are	  in	  gray	  and	  S28-­‐SFBBN3	  reference	  sequence	  is	  in	  blue.	  
	  
	  
FIGURE	   11.	   PHYLOGENETIC	   TREE	   OF	   THE	   SEQUENCES	   OBTAINED	   FROM	   CLONING	   AND	   SEQUENCING	  
ANALYSIS	  OF	  SFBBN3	  FROM	  EMPIRE	  AND	  HONEYCRISP	  CULTIVARS,	  USING	  BOTH	  SPECIFIC	  PRIMERS	  WITH	  
GENERAL	  PRIMERS	  COMBINATIONS.	   31	  
Phylogenetic	   tree	   was	   obtained	   using	  MEGA6	   (Tamura	   et	   al.,	   2013).	   Designations	   are	   encoded	   as	   follows:	   [Rc]	   =	  
SFBBgenR;	  [Fc]	  =	  SFBBgenF;	  [Re]	  =	  N3R;	  [Fe]	  =	  N3F;	  [Hon]	  =	  Honeycrisp	  sequences;	  and	  [Emp]	  =	  Empire	  sequences.	  
Numbers	   are	   referent	   to	   the	   number	   attributed	   to	   the	   colony	   used.	   SFBB-­‐like	   gene	   sequences	   are	   in	   gray.	   S28-­‐
SFBBN3	  reference	  sequence	  is	  in	  blue.	  
 
	  
FIGURE	  12.	  NEIGHBOUR-­‐JOINING	  PHYLOGENETIC	  TREE	  OF	  M.	  DOMESTICA	  SFBB	  SEQUENCES	  PREVIOUSLY	  
CHARACTERIZED	  PLUS	  S1-­‐SFBB5	  AND	  S24-­‐SFBB5	  SEQUENCES.	  	   32	  
Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013)	  
	  
	  
FIGURE	   13.	   THE	   PHYLOGENETIC	   RELATIONSHIP	   OF	   THE	   10	  S-­‐HAPLOTYPES	   USED	   IN	   THE	   PRESENT	  WORK	  
BASED	  ON	  THE	  S-­‐RNASE	  GENE.	  	   35	  
Phylogenetic	   tree	   was	   obtained	   using	  MEGA6	   (Tamura	   et	   al.,	   2013).	   In	   colour	   the	   S-­‐RNase	   sequences	   present	   in	  
individuals	  of	  F1	  progeny	  from	  the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24).	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1.	  AN	  INTRODUCTION	  TO	  SELF-­‐INCOMPATIBILITY	  SYSTEM	  IN	  PLANTS	  
	  
The	   angiosperms,	   or	   flowering	   plants,	   represent	   the	   most	   diverse	   group	   of	   land	   plants	  
(Roalson	  and	  McCubbin,	  2003).	  The	  majority	  of	  angiosperms	  have	  hermaphroditic	  flowers,	  which	  
means	   that	   the	   male	   reproductive	   organ	   (anther)	   and	   the	   female	   reproductive	   organ	   (pistil)	  
develop	  co-­‐ordinately,	  within	  a	  single	  flower.	  Rare	  angiosperms	  exhibit	  unisexual	  male	  and	  female	  
flowers	   that	   may	   be	   located	   on	   distinct	   plants	   (Hiscock,	   2002;	   Rea	   and	   Nasrallah,	   2008).	  
Reproductive	  success	   is	   critical	   for	   survival	   in	  plants,	  as	   for	  all	  organisms.	  So,	  angiosperms	  have	  
maintained	  the	  ability	  to	  reproduce	  asexually,	  given	  their	  predominantly	  sessile	  lifestyle,	  but	  they	  
can	  also	  reproduce	  sexually,	  which	  includes	  both	  self-­‐fertilization	  and	  cross-­‐fertilization	  (Barrett,	  
2002;	  Rea	  and	  Nasrallah,	  2008).	  Self-­‐fertilization	   is	  an	   important	  reproductive	  strategy	  that	  may	  
be	  necessary	  in	  a	  variety	  of	  situations,	  such	  as	  when	  pollinators	  or	  mates	  are	  scarce	  (reproductive	  
assurance)	   or	   when	   the	   environment	   remains	   relatively	   stable,	   as	   first	   proposed	   by	   Charles	  
Darwin	   (Darwin,	   1900;	   Goodwillie	   et	   al.,	   2005;	   Harder	   and	   Barrett,	   2006;	   Kalisz	   et	   al.,	   2004).	  
Although,	  under	  the	  evolutionary	  framework,	  selfing	  is	  also	  predicted	  to	  reduce	  genetic	  variation,	  
which	  results	  in	  loss	  of	  evolutionary	  flexibility	  (the	  ability	  to	  respond	  to	  novel	  selective	  challenges)	  
(Charlesworth	   and	   Charlesworth,	   1995;	   Takebayashi	   and	  Morrell,	   2001).	  Moreover,	   selfing	   can	  
also	   cause	   genetic	   degradation	   due	   to	   the	   accumulation	   of	   deleterious	   mutations	   in	   finite	  
populations	  -­‐	  Muller’s	  ratchet	  effect	  (Muller,	  1964).	  It	  is	  therefore	  not	  surprising,	  that	  throughout	  
their	  history,	  angiosperms	  have	  evolved	  a	  self-­‐incompatibility	  (SI)	  system	  to	  avoid	  self-­‐fertilization	  
and	   thus	   inbreeding,	   thereby	   promoting	   outcrossing	   and	   increasing	   genetic	   diversity	  
(Nettancourt,	  1977).	  SI	  system	  allows	  the	  pistil	   to	  distinguish	  between	  genetically	  related	  pollen	  
(self)	  and	  genetically	  unrelated	  pollen	  (non-­‐self),	  and	  consequently,	  reject	  the	  self-­‐pollen	  and	  only	  
accept	   the	   non-­‐self	   pollen	   for	   fertilization	   (Nettancourt,	   1977,	   2001).	   This	   genetic	   mechanism	  
prevents	  the	  fertilization	  of	  self-­‐pollen	  by	  stopping	  the	  pollen	  tube	  growth	  either	  on	  the	  stigmatic	  
surface	  of	   the	  pistil	  or	   inside	   the	   style.	  Thus,	   SI	   system	   is	  pre-­‐zygotic	  by	  definition	   (Hiscock	  and	  
Allen,	  2008).	  However,	  it	  should	  be	  noted	  that	  exist	  other	  mechanisms	  preventing	  self-­‐fertilization	  
at	   the	  post-­‐zygotic	   level,	   like	   inbreeding	  depression	  and	   the	   late-­‐acting	   self-­‐incompatibility	   (LSI)	  
that	  also	  result	  in	  a	  self-­‐abortion	  phenotype	  (Hiscock	  and	  Allen,	  2008;	  Seavey	  and	  Bawa,	  1986).	  
SI	  system	  comprises	  a	  variety	  of	  molecularly	  diverse	  and	  evolutionarily	  unrelated	  mechanisms.	  
The	   differences	   among	   these	   mechanisms	   suggest	   that	   SI	   system	   had	   evolved,	   at	   least,	   35	  
different	   times	   independently,	   in	   different	   lineages.	   Since	  many	   of	   the	   SI	   mechanisms	   are	   still	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uncharacterized	   at	   molecular	   level,	   this	   number	   can	   be	   underestimated	   (Igic	   et	   al.,	   2008;	  
Steinbachs	  and	  Holsinger,	  2002).	  To	  date,	  SI	  is	  reported	  in	  more	  than	  100	  families	  and	  occurs	  in	  an	  
estimated	  39%	  of	  species	  (Igic	  et	  al.,	  2008).	  
During	   angiosperms	   evolution	   history,	   independent	   and	   recurrent	   evolutionary	   transitions	  
from	   outcrossing	   to	   selfing	   are	   observed,	   namely,	   within	   plant	   families,	   within	   genera	   or	   even	  
within	  species	  (Barrett,	  2002;	  Charlesworth	  et	  al.,	  2005;	  Stebbins,	  1950,	  1974).	  SI	  can	  be	  lost	  due	  
to	  mutations	  that	  disrupt	  the	  coding	  regions	  of	  the	  molecular	  players	  involved	  in	  the	  specificity	  of	  
SI	   reaction	   (Boggs	   et	   al.,	   2009;	   Kusaba	   et	   al.,	   2001;	   Mable,	   2008;	   Tsuchimatsu	   et	   al.,	   2010;	  
Ushijima	  et	  al.,	  2004;	  Yamane,	  2003)	  or	  through	  the	  action	  of	  unlinked	  modifiers	  loci	  -­‐	  not	  directly	  
involved	   in	  SI	   specificity	  determination	   (Bechsgaard	  et	  al.,	   2006;	   Fernández	   i	  Martí	  et	  al.,	   2009;	  
Levin,	  1996;	  Nasrallah	  et	  al.,	  2002,	  2004;	  Porcher	  and	  Lande,	  2005;	  Wünsch	  and	  Hormaza,	  2004).	  
On	   the	   other	   hand,	   SI	   gain	   or	   regain	   might	   involve	   the	   recruitment	   of	   recognition	   genes	   by	  
duplication	   and	   modification	   of	   pre-­‐existing	   genes	   that	   perform	   other	   functions	   in	   the	   plant.	  
Evidence	  supporting	   regain	  of	  SI	   involving	  paralogous	  genes	  have	  been	  described	   (Aguiar	  et	  al.,	  
2015;	  Chantha	  et	  al.,	  2013).	  Nevertheless,	  mutations	  are	  far	  more	  likely	  to	  cause	  SI	   loss	  than	  its	  
gain	   and	   there	   is	   no	   evidence	   that	   any	   particular	   system	   of	   SI,	   once	   lost,	   has	   been	   regained	  
(Charlesworth	  et	  al.,	  2005;	  Igic	  et	  al.,	  2006,	  2008;	  Takebayashi	  and	  Morrell,	  2001).	  Irreversible	  loss	  
of	   SI	   systems	   is	   thought	   to	   occur	   because	   shifts	   to	   self-­‐compatibility	   (SC)	   are	   accompanied	   by	  
collapse	   of	   variation	   and	   accumulation	   of	   loss-­‐of-­‐function	  mutations	   at	   the	   loci	   involved	   in	   the	  
self-­‐incompatibility	  response	  (Charlesworth	  and	  Charlesworth,	  1979;	  Igic	  et	  al.,	  2006,	  2008,	  2008;	  
Marshall	  et	  al.,	  1994).	  The	  asymmetry	  in	  transitions	  would	  imply	  that	  SI	  is	  declining	  in	  frequency.	  
However,	  the	  high	  frequency	  of	  SI	  among	  angiosperm	  species,	  together	  with	  no	  reports	  of	   large	  
and	   old	   angiosperm	   families	   where	   self-­‐fertilization	   is	   the	   predominant	  mode	   of	   reproduction,	  
suggests	  that	  SI	  provides,	   instead,	  a	  macroevolutionary	  advantage	  (Igic	  et	  al.,	  2006,	  2008).	  Thus,	  
selfing	   lineages,	   in	   turn,	   continually	   go	   extinct	   and	   new	   lineages	   are	   mostly	   founded	   from	  
outcrossing	   progenitors	   (Takebayashi	   and	   Morrell,	   2001).	   Consequently,	   “selfing	   is	   an	  
evolutionary	   dead	   end”	   (Grant,	   1958;	   Stebbins,	   1957,	   1974;	   Takebayashi	   and	   Morrell,	   2001;	  
Wyatt,	  1988).	  	  
	  
	  
1.1.	  SELF-­‐INCOMPATIBILITY	  DIFFERENT	  MECHANISMS	  
In	  self-­‐incompatible	  species,	  differences	  in	  floral	  morphology	  can	  act	  to	  reinforce	  the	  ability	  of	  
the	  pistil	  to	  discriminate	  between	  self	  and	  non-­‐self	  pollen	  (Rea	  and	  Nasrallah,	  2008).	  Therefore,	  SI	  
systems	  can	  be,	  first,	  classified	  into	  homomorphic	  or	  heteromorphic	  SI	  type	  (Nettancourt,	  1977).	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Heteromorphic	   type	   of	   self-­‐incompatibility	   occurs	   in	   plants	   with	   heterostylous	   floral	  
polymorphisms,	  therefore	  pistils	  and	  stamens	  have	  different	  sizes	  in	  each	  flower.	  In	  this	  system,	  
successful	  pollination	  occurs	  when	  the	  pollen	  comes	  from	  genetically	  unrelated	  individuals	  whose	  
anthers	  display	  the	  same	  height	  as	  the	  style	  of	  the	  flower	  being	  pollinated	  (Charlesworth,	  2010;	  
Lloyd	   and	   Webb,	   1992).	   The	   genetic	   control	   of	   the	   phenotypes	   remains	   to	   be	   clarified	   and,	  
presently,	  species	  in	  at	  least	  25	  plant	  families	  (e.	  g.	  those	  assigned	  as	  Het.	  in	  Figure	  1)	  are	  known	  
to	  express	  heteromorphic	  SI	  system	  (Ganders,	  1979;	  Gibbs,	  1986;	  Steinbachs	  and	  Holsinger,	  2002;	  
1992).	  	  
In	  the	  homomorphic	  type	  of	  self-­‐incompatibility,	  present	  in	  at	  least	  94	  plant	  families,	  self/non-­‐
self	  recognition	  occurs	  regardless	  of	  the	  flower	  morphology,	  since	  all	  individuals	  produce	  flowers	  
morphologically	   identical	   (Nettancourt,	   2001;	   Steinbachs	   and	   Holsinger,	   2002;	   Weller,	   1995).	  
Thus,	   the	   outcome	   of	   pollination	   only	   relies	   on	   the	   genetic	   identity	   of	   the	   male	   and	   female	  
partners	   (Kao	   and	   Tsukamoto,	   2004;	   Nettancourt,	   2001).	   In	   the	   simplest	   cases,	   self/non-­‐self	  
recognition	   between	   pollen	   and	   the	   pistil	   is	   determined	   by	   a	   single	   highly	   polymorphic	   locus,	  
named	   S-­‐locus	   (“S-­‐“	   encodes	   for	   sterility),	   with	   multiple	   S-­‐haplotypes	   (variants	   of	   the	   locus	  
designated	  S1,	  S2,	  S3,	  etc.)	  (Iwano	  and	  Takayama,	  2012;	  Kao	  and	  Tsukamoto,	  2004).	  Mutagenesis	  
experiments	   demonstrate	   that	   the	   S-­‐locus	   can	   hold	   self-­‐compatible	   mutations	   impaired	  
independently	   in	   pistil	   and	   pollen	   functions,	  which	   highlighted	   that	   different	   genes	   encode	   the	  
two	   functions	   (Golz	  et	  al.,	  2000).	  Thus,	  each	  S-­‐haplotype	  encodes,	  at	   least,	   two	  tightly	   linked	  S-­‐
determinants	   (S-­‐genes),	   the	   male	   specificity	   (pollen	   S)	   and	   female	   specificity	   (pistil	   S)	  
determinants,	   whose	   S-­‐haplotype-­‐specific	   interaction	   allows	   self/non-­‐self	   discrimination	  
(Charlesworth,	  2010;	  Kao	  and	  Tsukamoto,	  2004).	  Specifically,	  when	  a	  pollen	  S-­‐allele	  (variant	  of	  a	  
given	   polymorphic	   pollen	   S-­‐gene	   at	   the	   S-­‐locus)	   shares	   the	   same	   S-­‐locus	   specificities	   with	   the	  
pistil,	  the	  pollen	  is	  recognized	  as	  self	  and	  rejected	  by	  the	  pistil.	  Conversely,	  a	  plant	  would	  provide	  
stimulus	   for	   growth	  of	  pollen	  with	  an	  S-­‐genotype	  not	   found	   in	   the	  pistil	   (Iwano	  and	  Takayama,	  
2012;	  McCubbin	  and	  Kao,	  2000).	  	  
The	  homomorphic	  SI	  can	  be	   further	  classified	   into	  gametophytic	  SI	   type	   (GSI),	   studied	   in	   the	  
present	   work	   and	   characterized	   at	   molecular	   level	   in	   Solanaceae,	   Rosaceae,	   Plantaginaceae,	  
Rubiaceae	  and	  Papaveraceae,	  and	  sporophytic	  SI	   type	   (SSI),	  present	   in	  Brassicaceae,	  Asteraceae	  
and	  Convolvulaceae	  (Figure	  1;	  Franklin-­‐Tong	  and	  Franklin,	  2003;	  Nettancourt,	  1977;	  Watanabe	  et	  
al.,	  2012).	  In	  GSI,	  pollen	  S-­‐phenotype	  is	  determined	  by	  its	  own	  S-­‐haplotype,	  whereas	  in	  SSI,	  pollen	  
S-­‐phenotype	  is	  determined	  by	  both	  S-­‐haplotypes	  of	  the	  diploid	  pollen-­‐producing	  parent.	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Figure	  1.	  Distribution	  of	  self-­‐incompatibility	  systems	  in	  65	  angiosperm	  families.	  Relationships	  among	  families	  are	  
according	   to	   Davies	   et	   al.,	   (2004)	   and	  Webb	   and	   Donoghue	   (2005).	   SI	   system	   designations	   are	   encoded	   as	   follows:	  
[Het]=Heteromorphic	   SI;	   [SSI]=Sporophytic	   SI;	   and	   [GSI]=Gametophytic	   SI.	   In	   colour	   are	   highlighted	   GSI	   families.	  
Specifically,	  in	  blue,	  GSI	  families	  where	  molecular	  characterization	  has	  been	  performed.	  Adapted	  from	  Igic	  et	  al.,	  (2008).	  
	   5	  
In	   GSI	   system,	   pollen	   rejection	   occurs	   on	   the	   stylar	   transmitting	   tract	   when	   the	   allele	  
expressed	  by	  the	  pollen	  grain	  matches	  either	  of	  the	  alleles	  expressed	  in	  the	  pistil	   (Figure	  2A).	   In	  
SSI	   system,	   pollen	   tubes	   are	   inhibited	   on	   the	   stigma	   surface	   when	   either	   of	   the	   two	   alleles	  
expressed	   in	   the	  pollen	  matches	  either	  of	   the	   two	  alleles	  expressed	   in	   the	  pistil	   (Hiscock,	  2002;	  
Iwano	  and	  Takayama,	  2012;	  McCubbin	  and	  Kao,	  2000).	  Complex	  relationships	  often	  exist	  between	  
the	   different	   S-­‐haplotypes	   of	   the	   pollen	   and	   pistil	   parents,	   in	   SSI	   system	   (e.g.	   one	   S-­‐haplotype	  
could	  be	  dominant	  over	  or	  recessive	  to	  another	  -­‐	  Figure	  2B;	  Kachroo	  et	  al.,	  2002;	  Thompson	  and	  
Taylor,	  1966;	  Watanabe	  et	  al.,	  2012).	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  2.	  Homomorphic	  self-­‐incompatibility	  types	  and	  the	  relationships	  between	  phenotype	  and	  genotype	  in	  GSI	  
and	  SSI.	  In	  both	  homomorphic	  types	  of	  SI	  the	  pollen	  is	  rejected	  when	  the	  phenotype	  of	  pollen	  is	  identical	  to	  the	  pistil.	  
(A)	  In	  GSI,	  pollen	  phenotype	  is	  identical	  to	  its	  genotype	  and	  the	  pistil	  phenotype	  is	  always	  expressed	  in	  co-­‐dominance.	  
(B)	  In	  SSI,	  pollen	  phenotype	  is	  determined	  by	  the	  interaction	  of	  the	  parental	  genotype.	  Dominance	  relationships	  often	  
exist	  between	  the	  different	  S-­‐haplotypes	  of	  the	  pistil	  parents.	  If	  S1	  is	  dominant	  over	  S2,	  all	  the	  pollen	  grains	  produced	  
from	  S1S2	  pollen	  parent	  present	  S1	  phenotype,	  and	  are	  rejected	  on	  the	  stigma	  S1S3	  (S1	  =	  S3).	  On	  the	  contrary,	  on	  the	  
same	  stigma	  (S1	  =	  S3),	  if	  S3	  is	  recessive	  to	  S4,	  all	  pollen	  grains,	  which	  show	  S4	  phenotype,	  germinate	  and	  penetrate	  the	  
pollen	  tube.	  Adapted	  from	  Watanabe	  et	  al.,	  (2012).	  	  
	  
	  
Besides	  the	  genetic	  control	  of	  pollen	  SI	  S-­‐phenotype	  and	  the	  specific	  stage	  along	  the	  path	  of	  
pollen	  tube	  growth	  where	  self-­‐pollination	  is	  inhibited,	  the	  chemical	  nature	  of	  the	  pollen	  and	  pistil	  
determinants	   and	   the	   molecular	   mechanism	   that	   underlies	   arrest	   of	   self	   pollen	   are	   different	  
between	  the	  two	  types	  of	  systems	  and	  within	  each	  type	  of	  SI	  system	  (Iwano	  and	  Takayama,	  2012;	  
Rea	  and	  Nasrallah,	  2008;	  Roalson	  and	  McCubbin,	  2003).	  The	  mechanism	  regulating	  the	  SI	  reaction	  
for	  the	  majority	  of	  families	  where	  GSI	  system	  has	  been	  reported	  is	  still	  unknown	  (Igic	  et	  al.,	  2008).	  
Therefore,	   only	   two	   mechanisms	   have	   been	   characterized	   at	   the	   molecular	   level:	   the	   calcium	  
dependent	  self-­‐recognition	  system	  exhibited	  by	  Papaveraceae	  (Eaves	  et	  al.,	  2014),	  and	  the	  pistil-­‐
expressed	   S-­‐RNase-­‐based	   non-­‐self	   recognition	   system	   present	   in	   Solanaceae,	   Plantaginaceae,	  
Rubiaceae	   and	   Rosaceae	   (Kao	   and	   Tsukamoto,	   2004)	  more	   detailed	   explained	   in	   the	   following	  
sections.	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Both	  in	  GSI	  and	  SSI,	  cross-­‐pollination	  experiments	  using	  plants	  from	  natural	  populations	  have,	  
repeatedly,	  found	  abundant	  functional	  polymorphism	  with	  dozens	  of	  S-­‐alleles	  maintained	  at	  the	  
S-­‐locus	  of	   single	   populations.	  Understanding	   the	   evolutionary	   processes	   that	   act	   on	   the	  S-­‐locus	  
explain	   its	   unusually	   high	   levels	   of	   allelic	   polymorphism	   (Igic	   et	   al.,	   2004;	   Lawrence,	   2000).	   As	  
Wright	  (1939)	  pointed	  out,	  a	  rare	  S-­‐allele	  has	  increased	  mating	  opportunities	  relative	  to	  common	  
S-­‐alleles.	  Once	  fitness	  of	  an	  S-­‐allele	  is	  inversely	  related	  to	  its	  frequency	  in	  the	  population,	  a	  rare	  S-­‐
allele	  will	   experience	   strong	   selection	   to	   increase	   its	   frequency	   until	   it	   reaches	   the	   equilibrium	  
frequency	   (Clark	   and	   Kao,	   1994;	   Wright,	   1939).	   Thus,	   the	   S-­‐locus	   is	   subjected,	   in	   natural	  
conditions,	   to	   frequency	  dependent	  balancing	   selection	   (Lawrence,	   2000;	  Wright,	   1939).	  At	   the	  
molecular	  level,	  the	  imprint	  left	  by	  balancing	  selection	  on	  the	  S-­‐locus	  is	  responsible	  for	  two	  of	  the	  
most	  conspicuous	  features	  of	  S-­‐genes	  polymorphism:	  high	  number	  of	  different	  specificities	  within	  
populations	  and	  increased	  time-­‐depth	  relative	  to	  neutral	  polymorphisms	  (Castric	  and	  Vekemans,	  
2004;	   Delph	   and	   Kelly,	   2014;	   Lawrence,	   2000).	   Hence,	   while	   some	   of	   the	   highly	   sequence	  
polymorphism	  is	  due	  to	  selection	  for	  different	  specificities,	  much	  of	  it	  has	  accumulated	  due	  to	  the	  
great	   age	   of	   allelic	   lineages	   -­‐	   shared	   ancestral	   polymorphisms	   (De	   Franceschi	   et	   al.,	   2011;	  
Newbigin	  et	  al.,	  2008).	  Balancing	  selection	  is	  not	  only	  expected	  to	  affect	  the	  patterns	  of	  diversity	  
at	   the	   S-­‐locus	   itself	   but	   also	   at	   positions	   that	   are	   sufficiently	   closely	   linked	   to	   it,	   to	   indirectly	  
experience	  balancing	  selection	  (Schierup	  and	  Vekemans,	  2008).	  	  
	  
	  
1.2.	  S-­‐RNASE-­‐BASED	  GAMETOPHYTIC	  SELF-­‐INCOMPATIBILITY	  
S-­‐RNase-­‐based	  GSI	  is	  likely	  the	  most	  widespread	  SI	  mechanism	  operating	  among	  angiosperms	  
(Franklin-­‐Tong	  and	  Franklin,	  2003;	  McClure,	  2006;	  Roalson	  and	  McCubbin,	  2003).	  For	  the	  last	  25	  
years	  it	  has	  been	  intensively	  studied,	  which	  allowed	  the	  molecular	  characterization	  of	  the	  S-­‐locus	  
region	   in	  species	  of	   the	  Solanaceae,	  Plantaginaceae,	  Rubiaceae	  and	  Rosaceae	   families	   (Franklin-­‐
Tong	  and	  Franklin,	  2003;	  Kao	  and	  Tsukamoto,	  2004).	  The	  approaches	  used	  to	  identify	  pistil	  S	  and	  
pollen	  S-­‐determinants	  relied	  on	  the	  requirements	  imposed	  by	  the	  biology	  and	  genetics	  of	  SI.	  So,	  
specificity	   S-­‐determinants	   must	   meet	   three	   criteria:	   linkage	   to	   the	   S-­‐locus,	   polymorphism	  
between	   different	   S-­‐haplotypes	   and	   exclusive	   expression	   in	   the	   pistil	   or	   pollen,	   as	   appropriate	  
(McClure,	   2004).	   In	   all	   four	   families,	   the	  pistil	  S-­‐determinant	  was	  easily	   identified	  by	   a	   protein-­‐
based	   approach	   due	   to	   its	   abundant	   expression	   in	   anthers,	   as	   a	   stylar-­‐expressed	   RNase	   gene,	  
called	  S-­‐RNase.	  (Anderson	  et	  al.,	  1989;	  Nowak	  et	  al.,	  2011;	  Sassa	  et	  al.,	  1992;	  Xue	  et	  al.,	  1996).	  On	  
the	  other	  hand,	  identity	  of	  the	  pollen	  S-­‐determinant	  has	  long	  been	  unknown	  and	  pollen	  candidate	  
genes	  were	  only	  identified	  when	  genomic	  sequences	  around	  the	  S-­‐RNase	  genes	  were	  thoroughly	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analysed	   (Kao	  and	  Tsukamoto,	  2004;	  McClure	  and	  Franklin-­‐Tong,	  2006;	  Roalson	  and	  McCubbin,	  
2003).	  The	  pollen	  S-­‐determinant	  is	  one	  pollen-­‐expressed	  F-­‐box	  gene	  in	  Prunus	  (Rosaceae),	  called	  
S-­‐haplotype-­‐specific	   F-­‐box	   (SFB)	   (Entani	  et	   al.,	   2003;	  Ushijima	  et	   al.,	   2003)	   and	  multiple	   pollen-­‐
expressed	  F-­‐box	  genes	  in	  Solanaceae	  and	  Plantaginaceae,	  called	  S-­‐locus	  F-­‐box	  (SLFs)	  (Kubo	  et	  al.,	  
2010;	  Lai	  et	  al.,	  2002;	  Wheeler	  and	  Newbigin,	  2007)	  and	  in	  subtribe	  Pyrinae	  of	  Rosaceae,	  called	  S-­‐
locus	  F-­‐box	  brothers	  (SFBBs)	  (Sassa	  et	  al.,	  2007).	  	  
Rosaceae,	   Solanaceae,	   Rubiaceae	   and	   Plantaginaceae,	   the	   families	   exhibiting	   S-­‐RNase-­‐based	  
GSI,	   are	   distantly	   related	   plant	   families	   of	   eudicots	   clade	   (Figure	   1).	   While,	   Solanaceae,	  
Plantaginaceae	   and	   Rubiaceae	   belong	   to	   the	   subclass	   Asteridae,	   Rosaceae	   belongs	   to	   subclass	  
Rosidae	   (Anderson	   and	   Cronquist,	   1982;	   Chase	   et	   al.,	   1993;	  Wikström	   et	   al.,	   2001).	   Thus,	   the	  
presence	  of	  S-­‐RNases	  as	  the	  pistil	  S-­‐determinant	  in	  these	  different	  families	  raised	  the	  question	  of	  
whether	  S-­‐RNase-­‐based	  GSI	  has	  a	   single	  origin	  early	   in	  eudicot	  evolution	   (Igic	   and	  Kohn,	  2001).	  
Address	  evolutionary	  relationships	  among	  S-­‐RNases	  is	  challenging	  because	  of	  the	  long	  time	  since	  
divergence	   between	   the	   two	   subclasses	   (perhaps	   110	  million	   years;	   Crane	   et	   al.,	   1995);	   the	   S-­‐
RNase	  are	  relatively	  short	  in	  length	  (220AA	  residues),	  potentially	  providing	  limited	  information	  on	  
relationships;	  and	  the	  S-­‐locus	   is	  expected	  to	  have	  extensive	  sequence	  divergence	  (Igic	  and	  Kohn,	  
2001).	  Even	   tough,	  phylogenetic	   clustering	  of	  S-­‐RNases	   relative	   to	  nearly	  all	  other	  plant	  RNases	  
points	  to	  a	  single	  origin	  for	  S-­‐RNase-­‐based	  GSI,	  120	  million	  years	  ago,	  in	  the	  common	  ancestor	  of	  
Asteridae	  and	  Rosidae	  (Igic	  and	  Kohn,	  2001;	  Steinbachs	  and	  Holsinger,	  2002;	  Vieira	  et	  al.,	  2008).	  It	  
is,	  however,	  conceivable	  that	  the	  ancestral	  S-­‐locus	  has	  been	  duplicated	  during	  evolution	  and	  the	  
genes	  determining	  GSI	  specificity	  in	  Prunus	  and	  Pyrinae	  are	  not	  orthologous	  (Aguiar	  et	  al.,	  2015).	  
	  
	  
1.2.1.	  PYRINAE	  S-­‐LOCUS	  
Among	   the	   families	   with	   S-­‐RNase-­‐based	   GSI,	   Rosaceae	   family	   comprises	   three	   subfamilies,	  
namely,	   Spiraeoideae,	   Rosoideae	   and	   Dryadoideae.	   The	   subfamily	   Spiraeoideae	   covers	   mostly	  
shrubs	   and	   trees	   and	   include	   the	   tribe	   Pyreae,	   which	   in	   turn,	   comprises	   the	   subtribe	   Pyrinae	  
(Potter	  et	  al.,	   2007).	   The	   subtribe	  Pyrinae	   includes	  Malus,	   Pyrus,	   Sorbus	  and	  Crataegus	  genera,	  
which	  present	  as	  main	  distinctive	  characteristics	  pome-­‐type	  fruit	  and	  a	  base	  chromosome	  number	  
of	   x=17.	   Some	   of	   the	   economically	   valuable	   species	   of	   Pyrinae	   are	   apples	   -­‐	  Malus	   domestica	  
Borkh.	   and	   European	   and	   Asian	   pears	   -­‐	   Pyrus	   communis	   L.,	   Pyrus	   pyrifolia	   Nakai,	   Pyrus	  	  
bretschneideri	  Rehd.	  (Campbell	  et	  al.,	  2007;	  Dickinson	  et	  al.,	  2007).	  	  
The	  knowledge	  of	  the	  molecular	  basis	  of	  Pyrinae	  S-­‐RNase-­‐based	  GSI	  is,	  at	  present,	  some	  steps	  
behind	   that	   of	   Solanaceae	   and	   Plantaginaceae	   species	   (De	   Franceschi	  et	   al.,	   2012).	   The	  woody	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habit	  of	   the	  Pyrinae	  genera	  has	  been	  a	   limitation	   in	  developing	  genetic	  experiments.	  Thus,	   rare	  
self-­‐compatible	  mutants	  are	  available,	  particularly	   for	   those	  mutants	  affecting	  pollen	  S	   function	  
(Broothaerts	  et	  al.,	  2003;	  Okada	  et	  al.,	  2008).	  Consequently,	  much	  of	  the	  knowledge	  on	  S-­‐RNase-­‐
based	  GSI	   came	   from	   studies	   in	   Solanaceae	   species,	  which	   present	   some	   advantages	   as	  model	  
systems	   (e.g.	   short	   life	   cycle	   and	   possibility	   of	   carrying	   out	   large-­‐scale	   mutagenesis	   and	  
transformation	  experiments).	  Even	  tough,	  in	  the	  last	  few	  years,	  the	  genetic	  information	  available	  
on	  the	  S-­‐locus	  genes	  of	  Malus	  and	  Pyrus	  species	  have	  increased	  considerably.	  Nevertheless,	  while	  
the	  S-­‐RNase	   gene	  has	  been	  widely	   studied	  and	   is	  well	   characterized	   in	   species	  of	   this	   subtribe,	  
identity	  of	  pollen	  S-­‐genes	  remains	  in	  study (De	  Franceschi	  et	  al.,	  2012;	  Sassa	  et	  al.,	  2009).	  	  
In	   the	   following	   sections	   is	   briefly	   presented	   the	   genomic	   data	   that	   have	   contributed	   to	  
unveiling	   the	   S-­‐locus	   structure	   of	   Pyrinae	   (Figure	   3)	   and	   their	   consistency	   with	   the	   models	   of	  
self/non-­‐self	   recognition	   that	  have	  been	  proposed.	  Special	   focus	  on	  Malus	  x	  domestica	   species,	  
the	  one	  studied	  in	  the	  present	  work	  that	  represents	  one	  of	  the	  economically	   important	  species,	  
being	  the	  main	  fruit	  crop	  in	  temperate	  regions	  (Velasco	  et	  al.,	  2010).	  
	  
	  
	  
	  
	  
	  
	  
Figure	  3.	  Structure	  of	  the	  S-­‐locus	  of	  Pyrinae.	  In	  Pyrinae,	  S-­‐RNase-­‐based	  GSI	  is	  controlled	  by	  a	  single	  multiallelic	  S-­‐
locus.	   Each	   S-­‐haplotype	   harbours	   a	   single	   S-­‐RNase	   gene	   (in	   blue)	   and	   a	   pool	   of	   SFBB	   genes	   (in	   black).	   SFBB	   genes	  
number,	  order	  and	  orientation,	  relative	  to	  the	  S-­‐RNase,	  seem	  to	  be	  variable	  between	  S-­‐haplotypes.	  The	  diagram	  used	  is	  
referent	   to	   the	   378	   kb	   region	   surrounding	   Pyrus	   S2-­‐RNase,	   determined	   by	   Okada	   et	   al.,	   (2011)	   and	   adapted	   from	  
Franceschi	  et	  al.,	  (2012).	  
	  
	  
1.2.1.1.	  PISTIL	  S	  
Among	   Pyrinae	   members,	   P.	   pyrifolia	   was	   the	   first	   species	   in	   which	   a	   sytlar	   glycoprotein	  
presenting	  S-­‐haplotype-­‐specific	  polymorphic	  pattern,	  named	  S-­‐RNase,	  was	  identified	  as	  the	  pistil	  
S-­‐determinant	  (Sassa	  et	  al.,	  1992,	  1993).	  Rapidly,	  by	  cloning	  and	  sequence	  analysis,	  several	  other	  
S-­‐RNases	  alleles	  were	  identified	  and	  reported,	  especially	  in	  Pyrus	  and	  Malus	  species	  (Broothaerts	  
et	  al.,	  1995;	  Ishimizu	  et	  al.,	  1996,	  1998;	  Janssens	  et	  al.,	  1995;	  Kim	  et	  al.,	  2002,	  2006;	  Zuccherelli	  et	  
al.,	  2002).	  However,	  along	  with	   these	  vast	  and	  successive	  publications,	  multiple	  and	  sometimes	  
highly	  confusing	  annotations	  were	  introduced	  in	  S-­‐allele	  assignments.	  Thus,	  in	  order	  to	  solve	  the	  
discrepancies	  and	  double	  annotations	  created,	   identity	  of	  all	   identified	  S-­‐RNase	   alleles	  were	   re-­‐
examined	   and	   a	   unique	   numbering	   system	   has	   been	   adopted	   for	  M.	   domestica	   (Broothaerts,	  
2003)	  P.	  pyrifolia	  (Kim	  et	  al.,	  2002),	  and	  P.	  communis	  (Goldway	  et	  al.,	  2009).	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Presently,	   at	   least,	   47	   S-­‐RNase	   alleles	   plus	   one	   self-­‐compatible	   S-­‐RNase	   allele	   (S4sm;	   ‘sm’	  
stands	  for	  stylar-­‐part	  mutant)	  have	  been	  described	  in	  Pyrus	  (Figure	  4;	  Castillo	  et	  al.,	  2002;	  Kim	  et	  
al.,	   2007;	  Moriya	  et	  al.,	   2007;	   Sanzol	  et	  al.,	   2006;	   Sawamura	  et	  al.,	   2002;	  Takasaki	  et	  al.,	   2006;	  
Vieira	   et	   al.,	   2010;	   Zisovich	   et	   al.,	   2004b)	   In	   Malus,	   at	   least,	   30	   S-­‐RNase	   alleles	   have	   been	  
unequivocally	  identified	  by	  their	  nucleotide	  sequences	  (Figure	  4;	  Broothaerts,	  2003;	  Vieira	  et	  al.,	  
2010).	  Lastly,	  in	  Sorbus	  aucuparia	  18	  S-­‐RNase	  alleles	  were	  identified,	  whereas	  17	  S-­‐RNase	  alleles	  
were	  found	  in	  Crataegus	  monogyna	  (Figure	  4;	  Raspé	  and	  Kohn,	  2002,	  2007).	  The	  large	  number	  of	  
S-­‐RNase	  alleles	  observed	   in	   these	  species	   is	   consistent	  with	  a	   recent	  whole	  genome	  duplication	  
event	   in	  Pyreae	   (Jung	  et	  al.,	   2012;	  Velasco	  et	  al.,	   2010;	  Vieira	  et	  al.,	   2010).	  As	  expected	  due	   to	  
balancing	   selection	   the	   S-­‐RNase	   gene	   shows	   an	   extremely	   high	   degree	   of	   allelic	   sequence	  
variability	   (Vieira	  et	  al.,	  2007,	  2010).	  Still,	  highly	  conserved	  S-­‐RNase	  alleles	  are	  present	  in	  Malus,	  
Pyrus,	   Sorbus	   and	  Crataegus	   species,	   which	   indicate	   that	  most	   S-­‐RNase	   specificities	   have	   been	  
present	  in	  the	  ancestral	  of	  the	  these	  genera	  (Figure	  4;	  Vieira	  et	  al.,	  2010).	  
The	  key	  role	  of	  the	  S-­‐RNase	  gene	  as	  pistil	  S-­‐determinant	  was	  established	  by	  functional	  analysis	  
of	  pistil-­‐part	  mutations	  in	  Pyrus	  and	  by	  Malus	  transgenic	  plants	  studies	  (Broothaerts	  et	  al.,	  2003;	  
Sanzol,	  2008;	  Sato,	  1993).	  Specifically,	  substantial	  evidences	  were	  provided	  by	  the	  self-­‐compatible	  
cultivar	  Osa-­‐Nijisseiki	   (S2,	  S4sm),	  which	   is	  a	  natural	  mutant	  of	  the	  Nijisseiki	   (S2,	  S4)	  cultivar	  that	  
lacks	  the	  S4-­‐RNase	  gene.	  The	  styles	  of	  Osa-­‐Nijisseiki	  accept	  pollen	  with	  S4	   specificity,	  once	  they	  
lack	  S4-­‐RNase,	   but	   not	   pollen	  with	  S2	   specificity.	   Pollen	   of	  Osa-­‐Nijisseiki	   is	   rejected	   in	   styles	   of	  
Nijisseiki	  (S2,	  S4)	  (Sassa	  et	  al.,	  1997;	  Sato,	  1993).	  Likewise,	  in	  P.	  communis,	  a	  similar	  spontaneous	  
mutation	   described	   in	   an	   S-­‐RNase	   allele	   was	   considered	   to	   be	   responsible	   for	   the	   lack	   of	  
expression	  of	  the	  S-­‐RNase	  gene	  and,	  consequently,	   for	  pistil	   function	  breakdown	  (Sanzol,	  2008).	  
Finally,	   transformation	   experiments	   performed	   in	   M.	   domestica	   trees	   showed	   that	   complete	  
silencing	  of	  pistil	  S-­‐RNase	  expression	  results	  in	  self-­‐fertility	  (Broothaerts	  et	  al.,	  2003).	  
S-­‐RNase	   is	  a	  basic	  pistil-­‐specific	  protein	  of	  30kDa,	  synthesized	   in	  the	  transmitting	  cells	  of	   the	  
style	  (Ishimizu	  et	  al.,	  1999;	  Sassa	  et	  al.,	  1992).	  The	  mature	  protein	  is	  secreted	  in	  the	  extracellular	  
matrix,	  most	  abundantly	  into	  upper	  third	  of	  the	  stylar	  transmitting	  tract	  —	  site	  of	  growth	  arrest	  of	  
self-­‐pollen	   tubes	  after	   incompatible	  pollination	  (Luu	  et	  al.,	  2000).	  Nucleotide	  sequence	  analyses	  
showed	  that	  the	  sytlar	  glycoprotein	  contain	  a	  homologous	  region	  to	  the	  catalytic	  domain	  of	  the	  
fungal	  T2-­‐type	  ribonucleases,	  thus	  belong	  to	  the	  RNase	  T2	  family	  (Sassa	  et	  al.,	  1996).	  Accordingly,	  
S-­‐RNases	  show	  the	  typical	  tertiary	  structure	  of	  T2	  family	  of	  RNases	  made	  up	  of	  eight	  α-­‐helices	  and	  
seven	  β-­‐sheets	  (Matsuura	  et	  al.,	  2001).	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Figure	  4.	  Bayesian	  phylogenetic	  tree	  of	  103	  Pyrinae	  S-­‐RNase	  sequences.	  Numbers	  are	  posterior	  credibility	  values.	  
Inferred	  recombinant	  lineages	  are	  shown	  in	  bold.	  In	  colour	  M.	  domestica	  S-­‐RNases	  sequences.	  Species	  scientific	  names	  
are	   encoded	   as	   follows:	   [Cm]	   =	   Crataegus	   monogyna;	   [Md]	   =	  M.	   x	   domestica;	   [Ma]	   =	   M.	   angustifolia;	   [Mk]	   =	   M.	  
kansuensis;	   [Mm]	   =	   M.	   mandshurica;	   [Msi]	   =	   M.	   sieversii;	   [Msy]	   =	  M.	   sylvestris;	   [Mt]	   =	   M.	   transitoria;	   [Pb]	   =	   Pyrus	  
bretschneideri;	  [Pc]	  =	  P.	  communis;	  [Pp]	  =	  P.	  pyrifolia;	  [Pu]	  =	  P.	  ussuriensis;	  [Sa]	  =	  Sorbus	  aucuparia.	  Adapted	  from	  Vieira	  
et	  al.,	  (2010).	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Sequence	   alignment	   of	   multiple	   Pyrinae	   S-­‐RNases	   alleles	   revealed	   only	   one	   hypervariable	  
region	  (RHV)	  and	  additional	  highly	  variable	  sites	  located	  throughout	  the	  whole	  protein	  sequence	  
(De	  Franceschi	  et	  al.,	  2012;	  Yamane	  and	  Tao,	  2009).	  The	  RHV	  region	  was	   initially	  pointed	  as	  the	  
region	  responsible	  for	  pistil	  specificity	  once	  it	  is	  positively	  selected	  (selection	  favours	  the	  creation	  
of	   new	   specificities)	   and	   it	   is	   often	   exposed	   on	   the	   protein	   surface	   (Ishimizu	   et	   al.,	   1998).	  
Although,	  both	  in	  Pyrus	  and	  Malus,	  two	  pairs	  of	  functionally	  distinct	  S-­‐RNase	  alleles	  were	  found	  to	  
share	  identical	  RHV	  regions,	  highlighting	  that	  other	  regions	  of	  the	  protein	  are	  involved	  in	  self/non-­‐
self	   recognition	   (Matsumoto	   et	   al.,	   1999;	   Zisovich	   et	   al.,	   2004a).	   Indeed,	   amino	   acids	   under	  
positive	   selection	   (those	   that	   could	   be	   involved	   in	   specificity	   determination)	  were	   found	   to	   be	  
scattered	  through	  the	  entire	  protein	   (Ishimizu	  et	  al.,	  1998;	  Vieira	  et	  al.,	  2007).	  Despite	   the	  high	  
allelic	  sequence	  diversity,	  five	  conserved	  regions	  (C1,	  C2,	  C3,	  RC4,	  and	  C5)	  and	  an	  additional	  highly	  
conserved	  non-­‐canonical	  hexapeptide	  (IIWPNV)	  region	  have	  also	  been	  reported.	  A	  single	  intron	  is	  
present	   in	   the	   coding	   sequence	   of	   the	   RHV	   region	   (De	   Franceschi	   et	   al.,	   2012;	   Ishimizu	   et	   al.,	  
1998,	   1999;	  Matsuura	  et	  al.,	   2001).	   The	  hypervariable	   and	   the	   conserved	   regions	  described	   for	  
the	  S-­‐RNase	  different	  alleles,	  together	  with	  the	  sequence	  diversity	  and	  variation	  in	  intron	  length,	  
contributed	  to	  the	  development	  of	  Polymerase	  Chain	  Reaction	  (PCR)-­‐based	  methods	  widely	  used	  
for	   cultivars	  S-­‐genotyping	   (Broothaerts	  et	  al.,	  2001;	  Kim	  et	  al.,	  2007;	  Sanzol	  and	  Robbins,	  2008;	  
Takasaki	  et	  al.,	  2006).	  
Although	  S-­‐RNase	  gene	  is	  the	  sole	  female	  determinant	  of	  the	  pistil	  specificity,	  the	  requirement	  
of	  other	  stylar	  factors	  (e.g.	  HT-­‐B	  and	  120K),	  not	  directly	  involved	  in	  S-­‐specificity	  determination	  but	  
needed	   for	   the	   full	   function	   of	   S-­‐RNase,	   has	   been	   suggested	   in	   solanaceous	   species	   (Kao	   and	  
Tsukamoto,	  2004;	  Roalson	  and	  McCubbin,	  2003;	  Takayama	  and	  Isogai,	  2005).	  So	  far,	  homologues	  
of	  these	  genes	  have	  not	  been	  identified	  in	  Rosaceae	  (Habu	  and	  Tao,	  2014;	  Hegedűs	  et	  al.,	  2012).	  
	  
	  
1.2.1.2.	  POLLEN	  S	  
In	   Pyrinae,	   the	   first	   putative	   pollen	  S-­‐determinants	  were	   identified	   in	  M.	  domestica	   species.	  
Cheng	  et	  al.,	  (2006),	  using	  a	  PCR-­‐based	  approach,	  reported	  two	  pollen-­‐expressed	  genes	  linked	  to	  
M.	  domestica	  S1-­‐	  and	  S2-­‐haplotypes,	  named	  SLF1	  and	  SLF2,	  respectively	   (exception	  to	   the	  SFBB	  
nomenclature).	  Sassa	  et	  al.,	  (2007),	  using	  a	  bacterial	  artificial	  chromosome	  (BAC)	  library	  of	  the	  M.	  
domestica	  cultivar	  Florina	  (S3,	  S9),	  identified	  two	  pollen-­‐expressed	  genes	  linked	  to	  each	  of	  the	  S3-­‐	  
and	  S9-­‐RNases,	  named	  SFBBs.	  A	  subsequent	  detailed	  analysis	  of	  the	  Florina	  genomic	  library	  used	  
by	  Sassa	  et	  al.	   (2007)	  allowed	   the	   identification	  of	  20	  additional	  SFBB	   sequences	   (named	  F-­‐Box	  
(FBX)	   1	   to	   FBX20):	   10	   belonging	   to	   the	   S3-­‐haplotype,	   nine	   to	   the	   S9-­‐haplotype,	   one	   present	   in	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both	  haplotypes	  (FBX11)	  and	  a	  pseudogene	  (FBX4)	  (Minamikawa	  et	  al.,	  2010).	  Latter,	  using	  a	  PCR	  
based	  approach	  in	  Spartan	  cultivar	  (S9,	  S10),	  10	  new	  SFBB	  sequences	  (FBX21	  to	  30)	  were	  isolated:	  
three	   linked	  to	  S9-­‐RNase	  and	  eight	   linked	  to	  the	  S1-­‐RNase	   (Okada	  et	  al.,	  2013).	   In	  P.	  pyrifolia,	  a	  
parallel	  study	  in	  which	  two	  BAC	  contigs	  surrounding	  S4-­‐	  and	  S2-­‐RNases	  were	  fully	  sequenced,	  also	  
yielded	   the	   identification	   of	   multiple	   SFBB	   sequences	   (Okada	   et	   al.,	   2011).	   Specifically,	   in	   the	  
region	  surrounding	  the	  S4-­‐RNase	  were	  found,	  besides	  the	  previously	  described	  S4-­‐Fbox0	  (Okada	  
et	   al.,	   2008),	   five	  more	   SFBB	   sequences,	   while	   in	   the	   S2-­‐haplotype	   contig,	   10	   SFBB	   sequences	  
were	  identified	  (Okada	  et	  al.,	  2011).	  	  
To	  date,	  in	  P.	  pyrifolia,	  49	  SFBB	  sequences	  were	  isolated	  from	  six	  S-­‐haplotypes	  (S1	  to	  S6)	  and	  
further,	  42	  of	   these	  sequences	  were	  classified	   into	  eight	  SFBB	  genes	   (SFBB1	   to	  SFBB8)	   (Kakui	  et	  
al.,	   2011).	   In	  M.	  domestica,	   35	  SFBB	   sequences	  were	   isolated	   from	   three	  S-­‐haplotypes	   (S3-­‐,	   S9-­‐	  
and	   S10-­‐)	   and	   further,	   31	   of	   these	   sequences	   were	   classified	   into	   11	   SFBB	   genes	   (SFBB1–11;	  
Figure	  5;	  Okada	  et	  al.,	   2013).	   Lastly,	   in	  S.	  aucuparia	   16	  SFBB	   sequences	  were	   recently	   reported	  
(Aguiar	   et	   al.,	   2013).	   In	   the	   majority	   of	   the	   S-­‐haplotypes	   of	   Pyrinae	   different	   species	   13	   SFBB	  
genes	  are	  present	  in	  at	  least	  one	  copy.	  Furthermore,	  phylogenetic	  analyses	  show	  that	  the	  16	  SFBB	  
genes	  of	  S.	  aucuparia	  clustered	  with	  high	  support	  with	  all	  SFBB	  genes	  described	  in	  Malus	  and	  with	  
13	  of	   the	  16	  Pyrus	  SFBB	   sequences	  obtained.	  Therefore,	  consistent	  with	  the	  S-­‐RNase	  phylogeny	  
(Figure	  4),	   the	  diversification	  of	  SFBB	  genes	  might	  predates	  Malus,	  Pyrus,	  and	  Sorbus	   speciation	  
(Aguiar	  et	  al.,	  2013;	  De	  Franceschi	  et	  al.,	  2011;	  Kakui	  et	  al.,	  2011;	  Minamikawa	  et	  al.,	  2010).	  	  
SFBB	   genes	  were	  shown	  to	  be	  pollen-­‐expressed	  genes	  whose	  products	  belong	   to	  a	   family	  of	  
proteins	   with	   an	   F-­‐box	   domain	   (F-­‐box	   proteins).	   Although	   they	   are	   not	   as	   polymorphic	   as	  
expected,	  SFBB	  genes	  were	  considered	  to	  be	  good	  candidates	  for	  the	  pollen	  S-­‐determinants	  since	  
they	   are	   located	   in	   the	   vicinity	   of	   the	   S-­‐RNase	   gene,	   show	   pollen-­‐specific	   expression	   and	   S-­‐
haplotype-­‐specific	   polymorphism	   (Minamikawa	   et	   al.,	   2010;	   Okada	   et	   al.,	   2011;	   Sassa	   et	   al.,	  
2007).	  However,	  firstly,	  the	  biological	  meaning	  of	  this	  abundant	  number	  of	  F-­‐box	  genes	  present	  in	  
the	  Pyrinae	  S-­‐locus	  was	  unclear	  and	  it	  appeared	  inconsistent	  with	  their	  putative	  role	  as	  the	  pollen	  
S-­‐determinants	  (Wheeler	  and	  Newbigin,	  2007).	  At	  that	  time,	  similar	  S-­‐locus	  structures	  harbouring	  
multiple	  F-­‐box	  genes	  were	  observed	  in	  solanaceous	  and	  plantaginaceous	  species	  (Lai	  et	  al.,	  2002;	  
Wang	  et	  al.,	  2004).	  However,	  initially,	  only	  the	  F-­‐box	  gene	  (SLF)	  located	  immediately	  downstream	  
of	  the	  S-­‐RNase	  gene	  was	  considered	  the	  pollen	  S-­‐determinant	  in	  these	  families	  (Qiao	  et	  al.,	  2004;	  
Sijacic	  et	  al.,	  2004).	  Nevertheless,	  the	  presence	  of	  SLF	  identical	  sequences	  between	  two	  different	  
S-­‐haplotypes	   provided	   convincing	   evidence	   that	   self-­‐(in)compatible	   recognition	   reaction	   may	  
involve	  multiple	  F-­‐box	  genes	  acting	  together	  as	  the	  pollen	  S-­‐determinants	  rather	  than	  a	  single	  one	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(Kubo	   et	   al.,	   2010;	   Sun	   and	   Kao,	   2013).	   Specifically,	   in	   vivo	   functional	   assays	   and	   protein	  
interaction	  assays	   in	  Petunia	   inflata	   (Solanaceae),	   showed	   that	  multiple	  F-­‐box	  genes,	  previously	  
considered	   to	   not	   be	   responsible	   for	   S-­‐specificity,	   elicit	   competitive	   interaction	   (Figure	   6).	  
Consequently,	  it	  was	  considered	  that	  SLF	  could	  not	  also	  be	  the	  sole	  pollen	  S-­‐gene	  in	  this	  species	  
as	   first	   thought	   (Kubo	   et	   al.,	   2010).	   Presently,	   the	   multiplicity	   feature	   of	   pollen	   S-­‐genes	   in	  
Solanaceae,	  Plantaginaceae	  and	  Pyrinae	  is	  widely	  accepted	  (Kakui	  et	  al.,	  2011;	  Kubo	  et	  al.,	  2015;	  
Okada	  et	  al.,	  2013).	  
	  
	  
	  
	  
	  
Figure	  5.	  Phylogenetic	  tree	  of	  deduced	  amino	  acid	  sequences	  of	  M.	  domestica	  F-­‐box	  genes.	  F-­‐box	  sequences	  were	  
classified	  into	  different	  SFBB	  genes	  when	  deduced	  amino	  acid	  identity	  was	  greater	  than	  88.0%.	  PiSLF2	  of	  Petunia	  inflata	  
was	  used	  as	  an	  outgroup.	  Numbers	  beside	  branches	  are	  bootstrap	  values	  >	  50%.	  Bar	  under	  tree	  represents	  number	  of	  
amino	  acid	  substitutions	  per	  site.	  S-­‐haplotypes	  are	  shown	  in	  Parentheses.	  Phylogenetic	  tree	  was	  obtained	  and	  adapted	  
from	  Okada	  et	  al.,	  (2013).	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Figure	  6.	  Schematic	  representation	  of	  competitive	  interaction	  and	  its	  use	  in	  establishing	  the	  function	  of	  pollen	  S-­‐
genes	  in	  S-­‐RNase-­‐base	  GSI.	  Functional	  testing	  of	  pollen	  S-­‐candidates	  relied	  on	  the	  heteroallelic	  pollen	  (HAP)	  effect.	  HAP	  
(diploid	  pollen	  grains	  containing	  two	  different	  S-­‐haplotypes)	  may	  arise	  from	  translocation	  or	  duplications	  of	  the	  S-­‐locus	  
(Golz	  et	  al.,	   1999,	   2001)	  or	   in	   tetraploids	   (Nettancourt,	   1977).	   The	   interaction	  between	   the	   two	  S-­‐alleles	   in	  HAP	  has	  
been	  termed	  competitive	  interaction	  (Lewis,	  1943).	  Competitive	  interaction	  between	  heteroallelic	  pollen	  breaks	  down	  
SI	   (Golz	  et	  al.,	   1999,	  2001;	  Nettancourt,	  1977).	  A)	   Self-­‐pollination	  and	  cross-­‐pollination	  of	  a	  diploid	   self-­‐incompatible	  
S1S2	   plant.	   For	   a	   diploid	   self-­‐incompatible	   plant	   of	   S1S2	   genotype,	   S1	   and	   S2	   pollen	   are	   rejected	   during	   their	   tube	  
growth	  in	  the	  S1S2	  pistil,	  due	  to	  matching	  of	  the	  S-­‐haplotypes,	  whereas,	  pollen	  of	  any	  other	  S-­‐haplotype	  is	  accepted	  by	  
the	  S1S2	  pistil	  for	  fertilization.	  B)	  SI	  breakdown	  in	  a	  tetraploid	  S1S1S2S2	  plant	  due	  to	  presence	  of	  two	  different	  S-­‐alleles	  
in	  diploid	  pollen	  (heteroallelic	  pollen).	  A	  tetraploid	  plant	  of	  S1S1S2S2	  genotype	  produces	  three	  S-­‐genotypes	  of	  pollen	  
and,	  whereas	  S1S1	  and	  S2S2	  pollen	   are	   rejected	  by	  S1S2	   and	  S1S1S2S2	  pistils,	  S1S2	   (heteroallelic)	   pollen	   is	   not.	   The	  
tetraploid	  plant	  rejects	  S1	  and	  S2	  pollen,	  consistent	  with	  the	  notion	  that	  the	  breakdown	  of	  SI	   lies	  on	  the	  pollen	  side.	  
Adapted	  from	  Wang	  and	  Kao,	  (2012).	  
	  
	  
SFBBs	  genes	   although	  polymorphic,	   exhibit	   a	   degree	  of	   sequence	  diversity	  much	   lower	   than	  
that	   of	   the	   S-­‐RNase	   gene.	   Similar	   diversity	   levels	   are	   only	   present	   when	   comparing	   intra-­‐
haplotypic	   diversity	   (Aguiar	   et	   al.,	   2013;	   Franceschi	   et	   al.,	   2011;	   Kakui	   et	   al.,	   2011).	   This	   was	  
unexpected	  based	  on	  the	  prevailing	  theory	  of	  co-­‐evolution	  of	  pollen	  and	  pistil	  S-­‐genes	  and	  might	  
indicated	  that	  SFBBs	  have	  a	  much	  shorter	  evolutionary	  history	  (De	  Franceschi	  et	  al.,	  2011).	  Even	  
tough,	  based	  on	   the	  hypothesis	   that	  SFBB	   genes	  act	   together	  as	  pollen	  S-­‐determinants,	  natural	  
selection	  would	   favour	   the	  diversification	  of	  SFBB	  genes	  within	  a	  haplotype	   (Kakui	  et	  al.,	  2011).	  
Therefore,	   evidence	   for	   positive	   selection	   is	   also	   not	   expected	  when	   individual	   SFBB	   genes	   are	  
considered	  but	  only	  between	  the	  SFBB	  genes	  of	  the	  same	  S-­‐haplotype.	  Indeed,	  amino	  acids	  under	  
positive	  selection,	  scattered	  trough	  the	  entire	  protein	  sequence,	  were	  only	  identified	  when	  intra-­‐
haplotype	  SFBB	  genes	  were	  analysed	  (Aguiar	  et	  al.,	  2013;	  Vieira	  et	  al.,	  2010).	  Both	  the	  order	  and	  
repertoire	  of	  SFBB	  genes	  are	  not	  conserved	  within	  each	  S-­‐haplotype	  (Kakui	  et	  al.,	  2011;	  Okada	  et	  
al.,	  2011).	   It	   is	  uncertain	  whether	  genomic	  rearrangement	  has	  altered	  the	  ordering	  of	  SFBBs	  or,	  
alternatively,	  independent	  duplication	  events	  inserted	  SFBBs	  at	  different	  positions,	  in	  different	  S-­‐
haplotypes,	  during	  the	  diversification	  of	  the	  S-­‐locus	  (Aguiar	  et	  al.,	  2013;	  De	  Franceschi	  et	  al.,	  2011,	  
2012;	  Okada	  et	  al.,	  2011;	  Sassa	  et	  al.,	  2009).	  Therefore,	  depending	  on	  the	  S-­‐haplotype	  analysed	  in	  
segregation	  experiments,	  an	  SFBB	  gene	  can	  show	  linkage	  with	  an	  S-­‐RNase	  allele	  but	   incomplete	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linkage	  with	  another.	  SFBB	  alleles	  not	  showing	  linkage	  to	  the	  S-­‐RNase	  have	  been	  assigned	  as	  not	  
being	   involved	   in	  pollen	  S-­‐specificity	  once	  they	  may	  have	  no	  target	  S-­‐RNase	  allele	  and	  thus,	  are	  
not	  being	  constrained	  by	  selection	  (De	  Franceschi	  et	  al.,	  2012;	  Kakui	  et	  al.,	  2007).	  
	  
	  
1.2.2.	  COLLABORATIVE	  NON-­‐SELF-­‐RECOGNITION	  MODEL	  
Among	  families	  exhibiting	  S-­‐RNase-­‐based	  GSI	  system	  there	  are	  remarkable	  differences	  at	  the	  
S-­‐locus	   region	   that	   appear	   to	   be	   related	   to	   the	   self-­‐pollen	   rejection	   mechanism	   (Iwano	   and	  
Takayama,	   2012).	   In	   contrast	   to	   Pyrinae,	   Plantaginaceae	   and	   Solanaceae,	   where	   there	   are	  
multiple	  pollen	  S-­‐genes,	  in	  Prunus	  there	  is	  only	  one	  pollen	  S-­‐gene	  in	  addition	  to	  the	  pistil	  S-­‐gene,	  
determining	   GSI	   specificity.	   Plus,	   Prunus	   S-­‐genes	   show	   similar	   high	   levels	   of	   allelic	   sequence	  
diversity	   as	  well	   as	  molecular	   co-­‐evolutionary	   histories	   (Entani	  et	   al.,	   2003;	   Hauck	  et	   al.,	   2006;	  
Lansari	   and	   Iezzoni,	   1990;	   Sonneveld	  et	   al.,	   2005;	   Tao	   and	   Iezzoni,	   2010;	  Ushijima	  et	   al.,	   2004;	  
Vieira	   et	   al.,	   2008).	   Thus,	   presently,	   attempting	   to	   put	   together	   the	   molecular	   data	   with	   the	  
phenotypic	   behaviour	   of	   S-­‐RNase-­‐based	   GSI,	   two	   biochemical	   models	   have	   been	   proposed,	  
namely,	  the	  collaborative	  non-­‐self-­‐recognition	  model	  and	  the	  general	  inhibitor	  model	  (Hua	  et	  al.,	  
2008;	   Iwano	   and	   Takayama,	   2012).	   In	   Solanaceae,	   Plantaginaceae	   and	   Pyrinae,	   the	   non-­‐self	  
interaction	  of	  SLF/SFBB	  and	  the	  S-­‐RNase	  would	  involve	  a	  detoxification	  effect	  -­‐	  collaborative	  non-­‐
self-­‐recognition	  model	   (De	  Franceschi	  et	  al.,	  2012;	  Kubo	  et	  al.,	  2010;	  Sun	  and	  Kao,	  2013;	  Wang	  
and	  Kao,	  2012);	  
Several	  experiments,	  mainly	  performed	  in	  solanaceous	  species,	  have	  given	  clues	  regarding	  the	  
S-­‐RNase	   role	   in	   S-­‐RNase-­‐based	   GSI	   response.	   First,	   in	   vitro	   testing	   confirmed	   that	   the	   S-­‐RNase	  
protein	  exhibits	  RNase	  activity	  (McClure	  et	  al.,	  1989).	  Plus,	  site-­‐directed	  mutagenesis	  applied	  on	  
the	  catalytic	  histidine	  residue	  (His-­‐93),	  implicated	  in	  ribonuclease	  activity	  of	  S-­‐RNase,	  result	  in	  the	  
inability	   to	   trigger	  pollen	   rejection,	   indicating	   that	   the	  RNase	   activity	   is	   required	   for	   the	  pistil	  S	  
function	   (Huang	   et	   al.,	   1994;	   Kowyama	   et	   al.,	   1994;	   Royo	   et	   al.,	   1994).	  McClure	   et	   al.,	   (1990),	  
using	  a	   radioactive	   tracer	  experiment	  with	  32P-­‐labeled	  pollen	  RNA	   in	   self	   and	  cross-­‐pollination,	  
showed	   that	   pollen	   RNA	   was	   degraded	   after	   self-­‐pollination	   but	   not	   after	   cross-­‐pollination.	  
Moreover,	   other	   two	   studies	   have	   revealed	   that	   all	   S-­‐RNases	   are	   transported	   from	   the	  
transmitting	   tissue	   of	   the	   style	   into	   the	   pollen	   tube,	   regardless	   of	   S-­‐haplotype	   (Goldraij	   et	   al.,	  
2006;	  Luu	  et	  al.,	  2000).	  	  
On	  the	  other	  hand,	  pollen	  SFBB/SLF	  genes	  from	  all	  functional	  S-­‐RNase-­‐based	  GSI	  S-­‐haplotypes	  
characterized	  show,	  within	  all	  of	  the	  predicted	  amino	  acid	  sequences,	  a	  conserved	  F-­‐box	  motif	  at	  
the	  N-­‐terminal	  indicating	  that	  they	  function	  as	  F-­‐box	  proteins	  (Lai	  et	  al.,	  2002;	  Sassa	  et	  al.,	  2007;	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Wang	  et	  al.,	  2004).	  Most	  F-­‐box	  proteins	  are	   involved	  in	  a	  protein	  degradation	  path	  that	  uses	  E3	  
(ubiquitin	   ligase),	   in	   conjunction	   with	   E1	   (ubiquitin-­‐activating)	   and	   E2	   (ubiquitin-­‐conjugating)	  
enzymes	   to	   catalyze	   the	   transfer	   of	   polyubiquitin	   chains	   to	   specific	   protein	   substrates	   for	  
degradation	   by	   the	   proteasome	   26S	   (Bai	   et	   al.,	   1996).	   Specifically,	   an	   F-­‐box	   protein	   is	   a	  
component	   of	   one	   E3	   class	   called	   SCF	   complex,	   which	   consists	   of	   S-­‐phase	   kinase-­‐associated	  
protein	  1	  (Skp1),	  Cullin1	  (Cul1)	  and	  a	  RING-­‐HC	  finger	  protein	  (Rbx1)	  (Petroski	  and	  Deshaies,	  2005;	  
Schwechheimer	  and	  Villalobos,	  2004).	  Likewise,	  solanaceous	  biochemical	  studies	  showed	  that	  SLF	  
interact	  with	  components	  of	  the	  SCF	  complex	  and	  with	  the	  S-­‐RNase.	  SLF	  interaction	  with	  both	  self	  
and	  non-­‐self	  S-­‐RNases	  also	  showed	  different	  affinity,	  being	  observed	  a	  stronger	   interaction	  with	  
non-­‐self	   S-­‐RNases	   than	   with	   self	   S-­‐RNases	   (Hua	   and	   Kao,	   2006;	   Hua	   et	   al.,	   2008).	  Moreover,	  
ubiquitination	  of	  non-­‐self	  S-­‐RNases	  was	  also	  observed	  both	  in	  vitro	  and	  in	  vivo	  experiments	  (Qiao	  
et	   al.,	   2004;	   Zhang	   et	   al.,	   2005).	   Additionally,	   solanaceous	   transformation	   experiments	   also	  
showed	   that	  each	  allelic	   variant	  of	   the	   same	  SLF	  gene	   recognizes	  a	   subset	  of	  non-­‐self	   S-­‐RNases	  
(e.g.	  S7-­‐	  /	  S19-­‐SLFs	   trigger	  competitive	   interaction	  in	  heteroallelic	  pollen	  when	  coupled	  with	  the	  
S9-­‐	  or	  the	  S17-­‐haplotypes,	  but	  not	  with	  S5-­‐	  or	  S11-­‐;	  Kubo	  et	  al.,	  2010).	  The	  subset	  of	  non-­‐self	  S-­‐
RNases	   recognized	   for	   each	  SLF	   allele	  were	   proposed	   to	   be	   consistently	   the	   same	   (Kubo	  et	   al.,	  
2010;	  Sun	  and	  Kao,	  2013;	  Wang	  and	  Kao,	  2012).	  Moreover,	  according	  to	  Williams	  et	  al.,	   (2014),	  
who	  identified	  17	  SLF	  proteins	  for	  each	  of	  the	  S2-­‐	  and	  S3-­‐haplotypes	  of	  Petunia	  inflata,	  the	  high	  
number	  of	  SLF	  genes	  allows	  each	  S-­‐RNase	  (32	  specificities	  known)	  to	  be	  targeted	  by	  at	  least	  two	  
SLF	   proteins,	   as	   a	   failsafe	   mechanism.	   Due	   this	   failsafe	   mechanism,	   if	   any	   SFL	   became	   non-­‐
functional,	  the	  plant	  became	  compatible,	  at	  most,	  for	  one	  or	  two	  additional	  specificities,	  but	  not	  
for	  all	  (Williams	  et	  al.,	  2014).	  	  
In	   Pyrinae,	   the	   only	   insight	   about	   S-­‐RNase-­‐based	   GSI	   mechanism	   was	   given	   by	   the	   self-­‐
compatible	  cultivar	  Osa-­‐Nijisseiki	   (S2,	  S4sm).	  Genetic	  analysis	  of	   this	  mutant	  showed	  that	  S4sm-­‐
pollen,	  lacking	  SFBB1-­‐S4	  gene,	  is	  rejected	  by	  pistils	  with	  S1	  specificity	  in	  addition	  to	  self	  S4	  pistils	  
(Kakui	  et	  al.,	  2011).	  The	  SFBB1-­‐S4	  gene	  is,	  thus,	  the	  pollen	  S-­‐gene	  in	  Pyrus	  that	  recognizes	  the	  S1-­‐
RNase.	  Nevertheless,	  the	  SFBB1	  gene	  from	  the	  S5-­‐haplotype	  (SFBB1-­‐S5	  gene),	  which	  encodes	  for	  
a	   truncated	   protein,	   is	   accepted	   by	   pistils	   with	   S1-­‐RNase.	   Therefore,	   S1-­‐RNase	   is	   probably	  
targeted	  by	  other	  SFBB	  proteins	   from	  the	  S5-­‐pollen	   (Kakui	  et	  al.,	  2011).	  Another	  hypothesis	   for	  
this	  observation	  is	  that	  the	  SFBB1	  gene	  in	  both	  S5-­‐	  and	  S4-­‐haplotypes	  are	  not	  alleles	  of	  the	  same	  
gene	   since	   the	   levels	   of	   diversity	   are	   identical	   to	   that	   observed	   between	   different	   SFBB	   genes	  
(Aguiar	  et	  al.	  2013).	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In	  summary,	  according	  to	  the	  non-­‐self	  recognition	  model,	  within	  an	  S-­‐haplotype,	  the	  product	  
of	  each	  type	  of	  SLF/SFBB	  is	  predicted	  to	  recognize	  and	  interact	  with	  a	  specific	  subset	  of	  non-­‐self	  S-­‐
RNases,	  while	  the	  products	  of	  multiple	  SLF/SFBB	  types	  are	  required	  for	  the	  entire	  suite	  of	  non-­‐self	  
S-­‐RNases	   be	   recognized	   and	   detoxified	   by	   the	   ubiquitin–26S-­‐proteasome	   system,	   thereby	  
allowing	  non-­‐self	  pollen	   to	  effect	   fertilization	   (Figure	  7).	  None	  of	   the	  SFL/SFBB	  proteins	   interact	  
with	   its	   cognate	   S-­‐RNase,	   leaving	   it	   active	   to	   exert	   its	   cytotoxicity	   to	   inhibit	   the	   growth	  of	   self-­‐
pollen	  tubes	  (Figure	  7).	  Recently,	  to	  assay	  how	  S-­‐RNase–SLF/SFBB	  specific	  interaction	  is	  achieved,	  
additional	   transgenic	   experiments	   were	   performed	   in	  Petunia.	   Under	   the	   results	   obtained	  was	  
proposed	   that	   a	   functional	   Sx-­‐haplotype	   must	   not	   encode	   a	   SLF/SFBB	   that	   recognizes	   and	  
detoxifies	  its	  own	  Sx-­‐RNase.	  Thus,	  Sx-­‐RNase	  is	  a	  target	  of	  SLF/SFBBn	  if	  the	  Sx-­‐allele	  of	  SLF/SFBBn	  is	  
diverged	  or	  deleted.	  SLF/SFBBn	  allele	  is	  considered	  to	  be	  conserved	  in	  the	  other	  SFL/SFBB	  genes,	  
recognizing	  the	   ‘non-­‐self’	  Sx-­‐RNase.	  The	  predictive	  method	  does	  not	  exclude	  the	  possibility	  that	  
conserved	   SLF/SFBB	   allelic	   products	   can	   act	   on	   additional	   target	   S-­‐RNases	   (Kubo	   et	   al.,	   2010,	  
2015).	  
	  
	  
Figure	   7.	   Schematic	   representation	   of	   the	   mechanism	   of	   pollen	   acceptance	   and	   rejection	   according	   to	   the	  
collaborative	  non-­‐self	  recognition	  model.	  (A)	  S1	  pollen	  is	  accepted	  by	  a	  S2/S3	  pistil;	  the	  F-­‐box	  proteins	  recognize	  and	  
interact	  with	  both	  S-­‐RNases	  (S2	  blue;	  S3	  green)	  produced	  by	  the	  pistil	  and	  mediate	  their	  degradation	  by	  the	  ubiquitin–
26S-­‐proteasome	   system,	   thereby	   allowing	   non-­‐self	   pollen	   to	   effect	   fertilization.	   (B)	   S1	  pollen	   is	   rejected	   by	   a	   S1/S2	  
pistil;	  F-­‐box	  proteins	  do	  not	   interact	  with	   its	  cognate	  S-­‐RNase	  (S1,	  yellow),	   leaving	   it	  active	  to	  exert	   its	  cytotoxicity	  to	  
inhibit	  the	  growth	  of	  self-­‐pollen	  tubes.	  Adapted	  from	  De	  Franceschi	  et	  al.,	  (2012).	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To	   account	   for	   the	   up-­‐taken	   of	   the	  S-­‐RNase	   into	   the	   pollen	   tube,	   the	   compartmentalization	  
model	   has	   been	   proposed	   in	   Solanaceae	   (Goldraij	   et	   al.,	   2006).	   Immunolocalization	   and	  
immunoblot	   analyses	   in	  Nicotiana	   alata	   (Solanaceae)	   have	   shown	   that	   S-­‐RNase	   is	   incorporated	  
into	   vacuoles,	   inside	   the	   pollen	   tubes,	   after	   both	   compatible	   (cross)	   and	   incompatible	   (self)	  
pollinations	  (Goldraij	  et	  al.,	  2006).	  However,	  as	  SFBB/SLF	  is	  a	  cytoplasmic	  protein	  at	  least	  some	  S-­‐
RNase	   must	   be	   dislocated	   into	   the	   cytoplasm.	   Indeed,	   vacuoles	   seem	   to	   break	   down	   late	   in	  
pollination,	   namely,	   when	  morphological	   changes	   of	   incompatible	   pollen	   tubes	   were	   observed	  
(Goldraij	  et	  al.,	  2006;	  McClure,	  2006).	  Thus,	  it	  was	  suggested	  that	  a	  residual	  amount	  of	  S-­‐RNases	  
remains	  in	  the	  cytoplasm	  and	  S-­‐RNase–	  SLF/SFBB	  interaction	  induce	  the	  activity	  of	  additional	  non-­‐
S-­‐specific	  factors	  (e.g.	  HT-­‐B	  and	  120K)	  that	  might	  induce	  vacuole	  disruption	  and,	  consequently,	  S-­‐
RNase	   release	   (Goldraij	   et	   al.,	   2006;	   Roalson	   and	   McCubbin,	   2003).	   This	   model	   still	   lacks	  
additional	   experimental	   and	   theoretical	   support	   and	   does	   not	   provide	   additional	   information	  
concerning	  the	  specific	  self/non-­‐self	  recognition	  response	  itself.	  	  
	  
	  
1.2.3.	   ON	   THE	   IMPORTANCE	   OF	   PYRINAE	   S-­‐RNASE-­‐BASED	   GAMETOPHYTIC	   SELF-­‐INCOMPATIBILITY:	  
STUDY	  PROPOSAL	  
The	   study	   of	   S-­‐RNase-­‐based	   GSI	   in	   rosaceous	   fruit	   trees,	   specifically	   in	   Pyrinae	   subtribe,	   is	  
important	  for	  economic	  and	  academic	  reasons	  (De	  Franceschi	  et	  al.,	  2012;	  Sassa	  et	  al.,	  2009).	  In	  
an	  agronomic	  point	  of	  view	  S-­‐RNase-­‐based	  GSI	   is	  an	  undesired	  trait	   for	  Pyrinae	  cultivated	   fruits	  
species,	  such	  as	  M.	  domestica	  species.	  Stable	  production	  of	  fruits	  of	  these	  crops,	  not	  just	  requires	  
cross-­‐pollination	  by	  artificial	  means	  or	  bees	  as	  pollinators,	  but	  also	  planting	  of	  compatible	  pollen	  
donors.	  Cross-­‐pollination	  by	  artificial	  means	  requires	  much	  labour	  and	  many	  workers,	  while	  using	  
insects	   as	   pollen	   vectors,	   provide	   a	   suboptimal	   pollination	   efficiency	   and	   fruit	   crops	   seasonal	  
variation	  (Broothaerts	  et	  al.,	  2003;	  Ishimizu	  et	  al.,	  1999).	  Concerning	  the	  identification	  of	  cultivars	  
that	   are	   genetically	   compatible,	   it	   is	   difficult	   to	   assess	   this	   information	   phenotypically	  
(Broothaerts	   et	   al.,	   2003).	   In	   fact,	   highlighting	   S-­‐RNase-­‐based	   GSI	   studies	   importance	   in	   the	  
agronomic	   context,	   previous	  molecular	   and	   genetic	   findings	   had	   showed	   that	   cross-­‐pollination	  
behaviour	  might	  be	  predicted	  from	  S-­‐allele	  constitution.	  Thus,	  presently,	  S-­‐genotyping	  of	  cultivars	  
is	   used	   to	   a	   proper	   selection	   of	   cross-­‐compatible	   cultivars	   and	   parental	   genotypes	   in	   breeding	  
programs	   (Kakui	  et	  al.,	  2007;	  Sanzol	  and	  Robbins,	  2008;	  Yamane	  and	  Tao,	  2009).	  Although,	   it	   is	  
still	   a	   goal	   the	   development	   of	   more	   efficient	   techniques	   to	   overcome	   SI	   and	   allow	   stable	  
production	   of	   high	   quality	   cultivars,	   and	   this	   could	   only	   be	   possible	   with	   increased	   knowledge	  
regarding	  specific	  self/non-­‐self	  recognition	  mechanism	  (Broothaerts	  et	  al.,	  2003).	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In	   an	   academic	   point	   of	   view	   Rosaceae	   is	   an	   important	  model	   family	   for	   understanding	   the	  
evolutionary	   history	   of	   S-­‐RNase-­‐based	   GSI.	   Among	   the	   families	   presenting	   this	   SI	   system,	  
Rosaceae	  not	   just	   belongs	   to	   a	   different	   subclass	   of	   eudicots	   clade	   but	   also,	  within	   this	   family,	  
divergent	   SI	   mechanisms	   appears	   to	   exist	   in	   Maloideae	   (including	   Malus	   and	   Pyrus)	   and	   in	  
Prunoideae	   (Prunus	   and	   other	   stone	   fruit	   and	   almonds)	   subfamilies.	   Thus,	   S-­‐RNase-­‐based	   GSI	  
studies	  are	  crucial	  to	  unveil	  how	  SI	  function	  varies	  among	  taxa	  and	  why	  different	  SI	  features	  exist,	  
specifically,	   if	   they	   just	   reflect	  the	  evolutionary	  process	  or	  are	  also	  related	  to	  the	  mechanism	  of	  
self-­‐rejection	  (Aguiar	  et	  al.	  2013;	  2015;	  De	  Franceschi	  et	  al.,	  2012;	  Sassa	  et	  al.,	  2010;	  Vieira	  et	  al.	  
2010).	  	  
In	  the	  last	  two	  decades	  great	  effort	  has	  been	  made	  to	  unravel	  the	  molecular	  basis	  of	  Pyrinae	  SI	  
system	   (especially	   in	   Malus	   and	   Pyrus).	   Nevertheless,	   there	   are	   still	   important	   questions	   to	  
address	  regarding	  the	  genetics,	  biochemistry	  and	  evolutionary	  biology	  of	  SI	  system	  in	  this	  group,	  
specifically,	  the	  actual	  number	  of	  SFBB	  genes	  responsible	  for	  the	  male	  function	  and	  their	  role.	  This	  
information	  will	  also	  help	  to	  understand	  the	  mechanism	  by	  which	  S-­‐RNase-­‐based	  GSI,	  in	  Pyrinae,	  
elicits	  non-­‐self	  pollen	  recognition.	  
M.	  domestica	  species,	  which	  genome	  has	  been	  sequenced	  (Velasco	  et	  al.,	  2010)	  and	  many	  of	  
its	   cultivars	   have	   known	   genotypes,	   was	   used	   in	   the	   present	   work.	   To	   date,	   in	   this	   species,	  
concerning	  the	  pistil	  S-­‐determinant,	  at	  least	  30	  S-­‐RNase	  alleles	  have	  been	  described.	  Concerning	  
the	   pollen	   S-­‐determinant	   only	   S3-­‐,	   S9-­‐	   (Minamikawa	   et	   al.,	   2010;	   Sassa	   et	   al.,	   2007)	   and	   S10-­‐
haplotypes	  (Okada	  et	  al.,	  2013)	  have	  been	  extensively	  characterized,	  allowing	  the	  identification	  of	  
11	  SFBB	  genes	  (SFBB1–11).	  Thus,	  to	  address	  the	  actual	  number	  of	  SFBB	  genes	  in	  M.	  domestica	  S-­‐
locus	   was	   previously	   used	   a	   PCR-­‐based	   approach	   together	   with	   the	   pollen	   transcriptome	   data	  
from	  nine	  M.	  domestica	  cultivars,	  namely,	  Northern	  Spy	  (S1,	  S3),	  Idared	  (S3,	  S7),	  Red	  Delicious	  (S9,	  
S28),	  Empire	  (S10,	  S28),	  Fuji	  (S1,	  S9),	  Gala	  (S2,	  S5),	  Golden	  Delicious	  (S2,	  S3),	  Honeycrisp	  (S2,	  S24)	  
and	  McIntosh	   (S10,	   S25).	  From	   this	   extensive	   study,	  18	  F-­‐box	   genes,	   similar	   to	   the	  SFBB	  genes,	  
were	   obtained	   (Aguiar	   et	   al.,	   2016	   data	   not	   published;	   Vieira	   CP,	   personal	   communication).	  
However,	  not	  all	  10	  S-­‐haplotypes,	  covered	  by	  the	  nine	  cultivars	  used,	  have	  been	  characterized	  for	  
all	  SFBB-­‐like	  genes	  and	  12	  SFBB	  sequences	  found	  align	  as	  highly	  divergent	  sequences	  within	  the	  
respective	  12	  SFBB-­‐like	  genes.	  Thus,	  in	  this	  work	  was	  addressed	  if	  the	  very	  diverged	  SFBB	  alleles,	  
SFBBGu8	  and	  SFBBN3	  of	  SFBB5	  and	  SFBB1	  genes,	  respectively,	  possibly	  involved	  in	  the	  recognition	  
of	  a	  particular	  non-­‐self	  S-­‐RNase,	  as	  proposed	  by	  Kubo	  et	  al.,	  (2015)	  (for	  further	  details	  see,	  1.2.2.	  
Collaborative	  non-­‐self	  recognition	  model),	  are	  not	  less	  divergent	  new	  SFBB	  genes.	  By	  cloning	  and	  
sequencing	   analysis	   of	   the	   two	   highly	   diverged	   alleles,	   was	   concluded	   that	   SFBBGu8	   sequence	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represent	  the	  S1-­‐	  and	  S24-­‐	  diverged	  alleles	  of	  SFBB5	  gene,	  whereas	  SFBBN3	  sequence	  represent	  
the	  S28-­‐	   diverged	   allele	   of	   SFBB1	  gene.	   Furthermore,	   for	  SFBB5	   gene	  was	   verified	   absent	  SFBB	  
copy	  number	  variation	  since	  all	   the	  10	  S-­‐haplotypes	  covered	  by	  the	  nine	  M.	  domestica	   cultivars	  
used	  have	  been	  characterized.	  Moreover,	  to	  consider	  the	  18	  SFBB-­‐like	  genes	  identified	  as	  pollen	  
S-­‐genes	  linkage	  with	  the	  S-­‐RNase	  gene	  needs	  to	  be	  established.	  So,	  linkage	  with	  the	  S-­‐RNase	  gene	  
for	  15	  of	  the	  18	  SFBB-­‐like	  genes	  identified	  was	  addressed	  by	  polymerase	  chain	  reaction-­‐restriction	  
fragment	  length	  polymorphism	  (PCR-­‐RFLP)	  approach,	  using	  37	  individuals	  of	  F1	  progeny	  from	  the	  
cross	  of	  Fuji	  (S1.	  S9)	  with	  Honeycrisp	   (S2,	  S24),	  previously	  S-­‐genotyped	  for	  the	  S-­‐RNase	  gene.	  As	  
result,	   SFBB2,	   SFBB3,	   SFBB4,	   SFBB6,	   SFBB7,	   SFBB8,	   SFBB9,	   SFBB10,	   SFBB11,	   SFBB12,	   SFBB13,	  
SFBB14	   and	   SFBB16	   genes	   exhibit	   linkage	   with	   at	   least	   one	   S-­‐RNase	   allele	   and	   thus,	   are	  
considered	  to	  be	  located	  at	  the	  S-­‐locus	  region	  of	  M.	  domestica	  species.	  Moreover,	  since	  these	  13	  
SFBB-­‐like	   genes	   also	   present	   pollen-­‐specific	   expression	   and	   S-­‐haplotype-­‐specific	   polymorphism	  
they	   are	   considered	   to	   be	   pollen	   S-­‐genes	   of	  M.	   domestica	   species	   and	   thus,	   can	   be	   used	   to	  
explore	   models	   of	   S-­‐RNase-­‐based	   GSI	   specificity	   determination.	   Lastly,	   regarding	   phylogeny	  
comparison	   between	   SFBB	   and	   S-­‐RNase	   alleles,	   both	   genes	   alleles	   exhibited	   no	   corresponding	  
phylogenies.	   So,	   S-­‐RNases	   and	   SFBBs	   genes	   might	   have	   proliferated	   by	   different	   mechanisms,	  
despite	  the	  tight	  linkage	  and	  co-­‐inheritance	  as	  a	  single	  S-­‐haplotype.	  Specifically,	  SFBB	  genes	  might	  
have	  proliferate	  through	  gene	  duplication	  (De	  Franceschi	  et	  al.,	  2012;	  Kubo	  et	  al.,	  2010).	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2.	  MOLECULAR	  CHARACTERIZATION	  OF	  SFBBGU8	  AND	  SFBBN3	  -­‐	  TWO	  HIGHLY	  DIVERGENT	  
SFBB	  SEQUENCES	  OF	  SFBB5	  AND	  SFBB1	  GENES,	  RESPECTIVELY	  
	  
To	  develop	  theoretical	  models	  for	  S-­‐RNase	  based	  GSI	  specificity	  determination	  in	  Pyrinae,	  it	  is	  
crucial	   to	   know	   the	   actual	   number	   of	   pollen	   S-­‐genes	   in	   Pyrinae	   species.	   Thus,	   to	   address	   how	  
many	   SFBB	   genes	   exist	   in	  M.	   domestica	   S-­‐locus	   it	   was	   previously	   used	   a	   PCR-­‐based	   approach	  
together	  with	  the	  pollen	  transcriptome	  data	  from	  nine	  M.	  domestica	  cultivars,	  namely,	  Northern	  
Spy	  (S1,	  S3),	  Idared	  (S3,	  S7),	  Red	  Delicious	  (S9,	  S28),	  Empire	  (S10,	  S28),	  Fuji	  (S1,	  S9),	  Gala	  (S2,	  S5),	  
Golden	   Delicious	   (S2,	   S3),	   Honeycrisp	   (S2,	   S24)	   and	   McIntosh	   (S10,	   S25).	   This	   extensive	   study	  
allowed	  the	  identification	  of	  18	  SFBB-­‐like	  genes,	  only	  expressed	  in	  pollen	  (Figure	  8;	  Aguiar	  et	  al.,	  
2016	  data	  not	  published;	  Vieira	  CP,	  personal	  communication).	  Nevertheless,	  as	  can	  be	  observed	  in	  
Figure	  8,	  not	  all	  10	  S-­‐haplotypes,	  covered	  by	  the	  nine	  cultivars	  used,	  have	  been	  characterized	  for	  
all	   SFBB-­‐like	   genes.	   For	   instance,	   no	   data	   was	   obtained	   for:	   S1-­‐	   and	   S24-­‐haplotypes	   for	   SFBB5	  
gene;	  S25-­‐haplotype	  for	  SFBB8	  gene;	  S7-­‐haplotype	  for	  SFBB9	  gene;	  S3-­‐,	  S7-­‐,	  and	  S10-­‐haplotypes	  
for	   SFBB10	   gene;	   S28-­‐haplotype	   for	   SFBB11	   gene;	   and	   S3-­‐	   and	   S5-­‐haplotypes	   for	   SFBBN4.	  
Furthermore,	  there	  are	  12	  SFBB	  sequences,	  namely,	  SFBBN3	  S28,	  SFBB2	  S3,	  SFBB3	  S2,	  SFBBGu8,	  
SFBB6	  S3,	  SFBB10	  S5,	  SFBB11	  S5,	  SFBB12	  S28,	  SFBB14	  S10,	  SFBB16	  S9,	  SFBB15	  (Fuji;	  GD;	  NS;	  RD;	  
Honey;	  Gala;	  Idared)	  and	  SFBBN4	  S28,	  that	  align	  as	  highly	  divergent	  sequences	  within	  12	  SFBB-­‐like	  
genes,	   namely,	   SFBB1,	   SFBB2,	   SFBB3,	   SFBB5,	   SFBB6,	   SFBB10,	   SFBB11,	   SFBB12,	   SFBB14,	   SFBB16,	  
SFBB15	   and	   SFBBN4	   genes,	   respectively	   (Figure	   8).	   These	   diverged	   sequences	   can	   represent	  
divergent	  alleles	  of	  these	  SFBB	  genes,	  or	  they	  can	  represent	  new	  SFBB	  genes.	  	  
It	   is	  difficult	  to	  establish	  a	  criterion	  based	  on	  polymorphism	  levels	  to	  distinguish	  a	  SFBB	  gene	  
from	  a	  divergent	  SFBB	  allele.	  Usually,	  for	  SFBB	  genes	  allelic	  sequences	  identities	  are	  expected	  to	  
be	  as	  higher	  as	  90%,	  whereas	  for	  the	  alleles	  of	  a	  particular	  SFBB	  gene,	  allelic	  sequences	  identities	  
are	  expected	  to	  be	  as	  low	  as	  91%	  (Aguiar	  et	  al.,	  2013;	  Kakui	  et	  al.,	  2011).	  Thus,	  when	  not	  all	  the	  S-­‐
haplotypes	  of	  the	  SFBB	  gene	  are	  known,	  highly	  divergent	  sequences	  exhibiting	  levels	  of	  diversity	  
identical	  to	  that	  observed	  between	  different	  SFBB	  genes,	  can	  be	  either	  alleles	  of	  that	  SFBB	  gene,	  
or	   they	   can	   represent	   a	   less	   divergent	   new	   SFBB	   gene	   (Aguiar	   et	   al.	   2013).	   Likewise,	   the	   fully	  
characterization	   of	   pollen	   S-­‐determinants	   is	   important	   under	   the	   collaborative	   non-­‐self	  
recognition	  model.	  So,	  it	  is	  crucial	  to	  evaluate	  if:	  (1)	  there	  is	  copy	  number	  variation	  of	  SFBBs	  genes	  
within	   each	   S-­‐haplotype;	   and	   (2)	   the	   very	   diverged	   SFBB	   alleles,	   possibly	   involved	   in	   the	  
recognition	  of	  a	  particular	  non-­‐self	  S-­‐RNase,	  as	  proposed	  by	  Kubo	  et	  al.,	  (2015)	  (for	  further	  details	  
see,	  1.2.2.	  Collaborative	  non-­‐self	  recognition	  model),	  are	  not	  less	  divergent	  new	  SFBB	  genes.	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Figure	   8.	   Neighbour-­‐Joining	   phylogenetic	   tree	   of	   164	   M.	   domestica	   SFBB	   sequences.	   Phylogenetic	   tree	   was	  
obtained	   using	   MEGA6	   (Tamura	   et	   al.,	   2013).	   The	   evolutionary	   distances	   were	   computed	   using	   the	   number	   of	  
differences	   method.	   When	   a	   sequence	   is	   present	   in	   more	   than	   one	   cultivar,	   these	   are	   indicated	   in	   brackets.	   The	  
published	  SFBB	  sequences	  have	  GenBank	  accession	  Numbers.	  SFFGu8	  and	  SFFN3	  sequences	  marked	  with	  boxes.	  (Aguiar	  
et	  al.,	  2016	  data	  not	  published;	  Vieira	  CP,	  personal	  communication).	  	  
	  
In	   this	  work	  was	  addressed	   if	  SFBBGu8	  and	  SFBBN3	   sequences	  represent	  divergent	  alleles	  of	  
SFBB5	   and	  SFBB1,	   respectively,	   or	   correspond	   to	  new	  SFBB	   genes.	  While	  SFBBN3	  was	  obtained	  
with	   the	  PCR-­‐based	  approach	   together	  with	   the	  pollen	   transcriptome	  data	  of	  Red	  Delicious	  and	  
Empire	   cultivars	   (both	   presenting	   S28-­‐haplotype),	   SFBBGu8	   was	   retrieved	   from	   GenBank	  
(GenBank	   accession	   Number:	   GU345808)	   and	   it	   is	   not	   present	   in	   the	   cultivars	   here	   used,	  
according	  to	  transcriptome	  blast	  searches.	  SFBBGu8	  and	  SFBBN3	  sequences	  were	  used	  to	  design	  
specific	  primers.	  Amplification	  products	  obtained	  with	  these	  primers,	  using	  M.	  domestica	  cultivars	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genomic	  DNA	  as	  template,	  were	  cloned	  and	  sequenced.	  To	  ensure	  that	  the	  specific	  primers	  were	  
not	   designed	   for	   polymorphic	   positions	   was	   also	   characterized,	   at	   molecular	   level,	   the	  
amplification	   products	   obtained	   with	   one	   specific	   primer	   in	   combination	   with	   a	   SFBB	   general	  
primer.	  	  
	  
2.1.	  MATERIAL	  AND	  METHODS	  
	  
2.1.1.	  PLANT	  MATERIAL	  AND	  DNA	  EXTRACTION	  
Buds	  were	   collected	   from	  M.	   domestica	   cultivars	  Northern	   Spy	   (S1,	   S3),	   Idared	   (S3,	   S7),	   Red	  
Delicious	   (S9,	   S28),	   Empire	   (S10,	   S28),	   Fuji	   (S1,	   S9),	   Gala	   (S2,	   S5),	   Golden	   Delicious	   (S2,	   S3),	  
Honeycrisp	   (S2,	   S24)	   and	   McIntosh	   (S10,	   S25),	   living	   in	   Michigan	   State	   University.	   The	   plant	  
material	  collected	  was	  frozen	  and	  stored	  at	  -­‐20ºC.	  Genomic	  DNA	  was	  extracted	  according	  to	  the	  
method	  of	  Ingram	  et	  al.	  (1997),	  as	  described	  previously.	  Extracted	  bud	  genomic	  DNA	  was	  treated	  
with	  RNase	  A	  (Roche).	  	  
Since,	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  S24)	  bud	  genomic	  DNA	  was	   insufficient	  to	  perform	  all	  
the	  experiments,	  individuals	  from	  F1	  progeny	  from	  the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  
S24),	   previously	   S-­‐genotyped	   (for	   further	   details,	   see	   3.	   S-­‐RNase	   characterization:	   phylogenetic	  
analysis	  and	  S-­‐RNase	  genotyping	  of	  F1	  progeny	  of	   the	  cross	  of	  Fuji	   (S1,	  S9)	  with	  Honeycrisp	   (S2,	  
S24)),	  were	  also	  used.	  Specifically,	  were	  used	  the	  individuals	  with	  the	  subsequent	  individual	  codes	  
and	  corresponding	  S-­‐genotypes:	  individual	  10	  (S1,	  S24),	   individual	  12	  (S1,	  S24),	   individual	  26	  (S9,	  
S24),	   and	   individual	   28	   (S9,	   S24).	   From	   leaves	   of	   each	   individual,	   obtained	   in	   Michigan	   State	  
University,	   genomic	  DNA	  was	   extracted,	   also	   according	   to	   the	  method	   in	   Ingram	  et	   al.,	   (1997).	  
Extracted	  leaf	  genomic	  DNA	  was	  treated	  with	  RNase	  A	  (Roche).	  
	  
2.1.2.	  PRIMERS	  DESIGN	  
Based	  on	  the	  alignment	  of	   the	  18	  SFBB-­‐like	  genes	  and	  the	  reference	  sequences	   for	  SFBBGu8	  
(GenBank	   accession	   number	   GU345808)	   and	   SFBBN3,	   primers	   were	   design	   using	   OLIGO	   4.0.	  
software	   (Bill_A_Nussbaumer	   at	   ms.bd.com)	   for	   unique	   nucleotide	   positions	   at	   the	   reference	  
sequences	   (for	   further	   details,	   see	   7.	   Supplementary	   material;	   Figure	   2).	   The	   specific	   primers	  
combinations	  used	  for	  SFBBGu8	  and	  SFBBN3	  are	   listed	   in	  Table	  1.	   It	  should	  be	  noted	  that	  these	  
primers	  were	  also	  used	   in	   combination	  with	   general	   primers,	   SFBBgenF	  and	  SFBBgenR	  primers,	  
previously	  designed	  by	  Aguiar	  et	  al.	  (2013).	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Table	   1.	   Primers	   used	   to	   characterize	   SFBBGu8	   and	   SFBBN3	   sequences.	   Primer	   sequences,	   annealing	  
temperatures	  and	  PCR	  products	  fragment	  sizes	  presented	  in	  detail.	  
	  
SFBB	  
sequence	  
Primer	  Forward	  
Name	  :	  Sequence	  (5'-­‐	  3')	  
Prime	  Reverse	  
Name	  :	  Sequence	  (5'-­‐	  3')	  
Annealing	  
Temperature	  
(ºC)	  
Amplified	  
fragment	  
size	  (bp)	  
SFBBGu8	  
Gu8F:TACACAGGTCTTGGTGCG	   Gu8R:CAAATGTCAATGGATAAT	   52	   939	  
Gu8F:TACACAGGTCTTGGTGCG	   SFBBgenR:GTCCATTACCCAYRTYTC	   52	   857	  
SFBBN3	  
N3F:CTATCATCCTCCACTTGC	   N3R:TGTATTTCTCGCCATCGG	   52	   613	  
N3F	  :CTATCATCCTCCACTTGC	   SFBBgenR:GTCCATTACCCAYRTYTC	   52	   774	  
SFBBgenF:AAGTCYCTGATGMGRTTC	   N3R:TGTATTTCTCGCCATCGG	   52	   697	  
	  
	  
2.1.3.	   CLONING	   AND	   SEQUENCING	   OF	   SFBBGU8	   AND	  SFBBN3	   SEQUENCES	   FROM	  NINE	  M.	   DOMESTICA	  
CULTIVARS	  
Genomic	  DNA	  of	   the	  nine	  M.	  domestica	  cultivars	  here	  used	  and	  of	   the	   four	   individuals	  of	  F1	  
progeny	  from	  the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24)	  described,	  was	  used	  as	  template	  
for	   SFBBGu8	   and	   SFBBN3	  amplification,	   by	   PCR.	   Specific	   primers	   combination	   (Gu8F+Gu8R	   and	  
N3F+N3R;	   Table	   1),	   forward	   specific	   primer	   in	   combination	   with	   reverse	   general	   primer	  
(Gu8F+SFBBgenR	  and	  N3F+SFBBgenR;	  Table	  1)	  and	  combination	  between	  reverse	  specific	  primer	  
with	   forward	   general	   primer	   were	   used	   (SFBBgenF+N3R;	   Table	   1).	   The	   combination	   between	  
reverse	  specific	  primer	  with	  forward	  general	  primer	  was	  not	  used	  for	  SFBBGu8	  sequence	  because	  
it	  leads	  to	  non-­‐amplification.	  
Each	   PCR	   reaction	   contained	   1μg	   of	   environmental	   genomic	   DNA	   template,	   10x	   Taq	   Buffer,	  
10x	   dNTP’s	   75μM,	   3mM	  of	  MgCl2,	   0,5μM	  of	   both	   forward	   and	   reverse	   primer,	   1U	   of	   Taq	  DNA	  
Polymerase	   (Thermo	  Scientific),	   and	  dH2O	  up	   to	  a	   total	   volume	  of	  25µL.	   Standard	  amplification	  
conditions	  were,	  a	  first	  denaturation	  cycle	  at	  96ºC	  for	  2min;	  35	  cycles	  of	  denaturation	  at	  95ºC	  for	  
30s,	   primer	   annealing	   for	   45s	   (specific	   annealing	   temperatures	   listed	   in	   Table	   1)	   and	   primer	  
extension	  at	  72ºC	  for	  2min;	  final	  primer	  extension	  at	  72ºC	  for	  5	  min.	  PCR	  products	  were	  run	  on	  
1,5%	  agarose	  gels	  in	  1x	  TAE	  Tris-­‐acetate-­‐EDTA	  (TAE)	  buffer	  and	  the	  DNA	  bands	  were	  visualized	  by	  
ethidium	  bromide	  staining.	  	  
Amplification	   products	   of	   the	   expected	   length	   were	   excised	   from	   the	   agarose	   gel	   and,	  
subsequently,	   purified	   using	   the	   QIAEX®	   II	   Gel	   Extraction	   (QIAGEN),	   following	   manufactures	  
instructions.	  The	  purified	  products	  were	  cloned	  using	  the	  TOPO®	  TA	  Cloning®	  Kit	  for	  Sequencing	  
(Invitrogen).	  Specifically,	  each	  2μl	  of	  PCR	  purified	  product	  was	  ligated	  into	  0,3μl	  of	  pCR™4-­‐TOPO®	  
vector	  (Invitrogen),	  in	  presence	  of	  0,5μl	  of	  saline	  solution.	  2,8μl	  of	  recombined	  plasmid	  DNA	  was	  
combined	   with	   30µl	   of	   One	   Shot®	   TOP10	   Chemically	   competent	   E.	   coli	   cells	   (Invitrogen).	   The	  
reaction	  was	  incubated	  on	  ice	  for	  30	  min,	  heat	  shocked	  at	  42°C	  for	  40	  seconds,	  placed	  on	  ice	  and	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to	  it,	  100µl	  Super	  Optimal	  Broth	  (SOC)	  growth	  media	  was	  added.	  The	  cultures	  were	  then	  covered	  
and	  incubated	  shaking	  at	  37	  °C,	  for	  1	  hour	  and	  10	  min.	  Positive	  transformants	  were	  selected	  for,	  
by	   plating	   on	   standard	   LB	   Agar	   (Luria	   Bertani	   Agar)	   media	   containing	   ampicillin	   (1:1000),	   and	  
growing	   overnight	   at	   37	   °C.	   Subsequently,	   20	   to	   40	   individual	   bacterial	   colonies,	   for	   each	  
amplification	  product,	  were	  picked	  up	  and	  checked	  for	  successful	   ligations	  with	  a	  PCR	  approach	  
targeting	  each	  specific	  plasmid	  insert.	  	  
SFBBN3	   sequence	   was	   obtained	   from	   Delicious	   and	   Empire	   cultivars,	   both	   presenting	   S28-­‐
haplotype,	   thus	   the	   reference	  sequence	  was	  used	   to	   select	  S-­‐allele-­‐specific	  RFLP	  markers,	  using	  
the	   restriction	   mapper	   tool	   (http://www.restrictionmapper.org/).	   The	   restriction	   enzymes	  
selected	  to	  digest	  positive	  colonies	  and	  the	  respective	  RFLP	  diagnostic	  markers	  are	  listed	  in	  Table	  
2.	   Regarding	  SFBBGu8	   sequence,	   not	   present	   in	   the	   cultivars	   here	   used,	   positive	   colonies	  were	  
digested	   with	   two	   “four	   cutter”	   restriction	   enzymes,	   namely	   MseI	   and	   RsaI.	   Each	   restriction	  
digestion	  used	  2μl	  of	  PCR	  product,	  1U	  of	   restriction	  enzyme,	  10x	  Buffer	  and	  dH2O	  up	   to	  a	   total	  
volume	   of	   5	   µL.	   After	   amplicons	   digestion,	   the	   resultant	   fragments	   were	   resolved	   by	  
electrophoresis,	  using	  2%	  agarose	  gels	   in	  1x	  SGTB	  buffer,	  and	  the	  DNA	  bands	  were	  visualized	  by	  
ethidium	  bromide	  staining.	  	  
	  
Table	  2.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  the	  SFBBN3	  sequence.	  
RFLP	  diagnostic	  markers	  are	  in	  bold	  and	  underlined.	  	  
	  
Primers	  Combination	   Restriction	  Enzyme	   Restriction	  Pattern	  
N3F	  +	  N3F	  
N3F	  +	  SFFgenR	  
AluI	   111	  +	  117	  +	  385	  
RsaI	   48	  +	  182	  +	  383	  
SFFgenF	  +	  N3R	  
AluI	   111	  +	  117	  +	  469	  
RsaI	   24	  +	  48	  +	  242	  +	  383	  
	  
	  
Three	   to	   five	   colonies	   of	   each	   restriction	   pattern	   observed	   (except	   for	   exclusive	   restriction	  
patterns)	   were	   selected	   to	   be	   sequenced,	   in	   order	   to	   obtain	   a	   consensus	   sequence.	   After	  
inoculation	  of	  5μl	  of	  each	  single	  selected	  colony	  in	  5	  mL	  of	  LB	  growth	  media	  containing	  ampicillin	  
(1:1000),	   and	   overnight	   incubation	   at	   37°C	   with	   shaking	   at	   250	   rpm,	   the	   plasmid	   DNA	   was	  
extracted	  with	  QIAprep®	  Spin	  Miniprep	  Kit	  (QIAGEN),	  according	  to	  the	  manufacturer's	  protocols.	  	  
The	  ABI	  PRISM®	  BigDye™	  Terminator	  Cycle	  Sequencing	  Kit	   (Applied	  Biosystems),	  and	  primers	  
for	   the	  M13	   forward	  and	   reverse	  priming	   sites	  of	   the	  pCR2.1	  vector,	  were	  used	   to	  prepare	   the	  
sequencing	  reactions.	  Sequencing	  runs	  were	  performed	  by	  STABVIDA	  (Lisboa,	  Portugal).	  	  
The	   sequences	   provided	   were	   introduced	   in	   CHROMAS	   software	   to	   remove	   extra	   5'	   and	   3'	  
sequences	  and	  ProSeq	  program	  was	  used	  to	  obtain	  the	  consensus	  sequences.	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2.1.4.	  PHYLOGENETIC	  ANALYSES	  
The	  sequences	  obtained	  from	  cloning	  and	  sequencing	  analysis	  of	  SFBBGu8	  and	  SFBBN3	  were	  
aligned	   with	   one	   sequence	   of	   each	   SFBB-­‐like	   gene	   identified	   using	   the	   ClustalX	   algorithm	   in	  
MEGA6	   software	   (Tamura	   et	   al.,	   2013).	   The	   phylogenetic	   tree	   was	   obtained	   with	   the	   same	  
software.	  
	  
2.2.	  RESULTS	  
	  
2.2.1.	  SFBBGU8	  CLONING	  AND	  SEQUENCING	  RESULTS	  FROM	  IDARED	  (S3,	  S7),	  RED	  DELICIOUS	  (S9,	  S28),	  
GOLDEN	  DELICIOUS	  (S2,	  S3),	  HONEYCRISP	  (S2,	  S24)	  AND	  FUJI	  (S1,	  S9)	  CULTIVARS	  
Using	   Gu8F	   forward	   specific	   primer	   in	   combination	   with	   Gu8R	   reverse	   specific	   primer,	   two	  
amplification	  products	  of	   ≈900	  base	  pair	   (bp)	   (specific	   amplification)	   and	  ≈1000bp	   (non-­‐specific	  
amplification)	  were	  obtained	  in	  all	  cultivars	  used.	  The	  ≈900bp	  PCR	  products	  from	  Idared	  (S3,	  S7),	  
Red	  Delicious	  (S9,	  S28),	  Golden	  Delicious	  (S2,	  S3),	  Honeycrisp	  (S2,	  S24)	  and	  Fuji	   (S1,	  S9)	  cultivars,	  
were	  cloned,	  as	  described	  in	  Material	  and	  Methods.	  Furthermore,	  for	  Idared	  (S3,	  S7)	  cultivar,	  the	  
≈1000bp	  PCR	  product,	  corresponding	  to	  non-­‐specific	  amplification,	  was	  also	  cloned	  to	  address	  if	  
this	  could	  represent	  a	  SFBB	  sequence.	  
The	  phylogenetic	  relationship	  of	  the	  sequences	  obtained	  together	  with	  the	  18	  SFBB-­‐like	  genes	  
identified	  is	  present	  in	  Figure	  9.	  The	  Idared	  (S3,	  S7)	  ≈1000bp	  sequences	  (Idared	  G8	  50,	  51,	  53	  and	  
56;	  Figure	  9)	  represent	  a	  very	  divergent	  gene	  from	  the	  SFBB	  genes.	  Indeed,	  blastn	  search	  of	  one	  
of	  these	  sequences	  revealed	  98%	  homology	  with	  XM_008364381.1,	  that	  is	  not	  an	  F-­‐box	  gene.	  So,	  
these	  sequences	  are	  not	  F-­‐box	  genes.	  The	  sequences	  from	  the	  ≈900bp	  PCR	  products	  cluster	  with	  
the	  SFBB-­‐like	  genes.	  Although,	  only	  the	  sequences	  obtained	  from	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  
S24)	   cultivars	   cluster	   with	   GU345808	   reference	   sequence.	   The	   sequences	   obtained	   from	   Red	  
Delicious	   (S9,	   S28)	   are	   alleles	   from	   SFBB7	   gene.	   The	   sequence	   obtained	   from	  Golden	   Delicious	  	  
(S2,	  S3)	   is	  an	  allele	  of	  SFBB1	  gene.	  Most	  of	  the	   Idared	   (S3,	  S7)	  sequences	  (Idared	  G8	  17,	  24,	  44,	  
and	  68;	  Figure	  9)	  are	  alleles	  of	  SFBB5	  gene.	  The	  Idared	  (S3,	  S7)	  G8	  71	  and	  2	  sequences	  are	  SFBB	  
genes,	  but	  divergent	  from	  the	  ones	  here	  analysed.	  	  
When	  divergent	  sequences	  are	  removed	  from	  the	  analyses	  GU345808,	  Honey	  Gu8/G8	  and	  Fuji	  
Gu8/G8	  sequences	  cluster	  with	  SFBB5	  gene	  (data	  not	  shown).	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Figure	   9.	   Phylogenetic	   tree	   of	   the	   sequences	   obtained	   from	   cloning	   and	   sequencing	   analysis	   of	  SFBBGu8	   from	  
Idared,	   Red	   Delicious,	   Golden	   Delicious,	   Honeycrisp	   and	   Fuji	   cultivars,	   using	   both	   SFBBGu8	   specific	   primers.	  
Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013).	  Designations	  are	  encoded	  as	  follows:	  [HoneyG8	  and	  
HoneyGu8]	   =	   Honeycrisp	   sequences;	   [FujiGu8	   and	   FujiG8]	   =	   Fuji	   sequences;	   [IdaredGu8	   and	   IdaredG8]	   =	   Idared	  
sequences;	  [Gdel	  Gu8]	  =	  Golden	  Delicious;	  [Reddel	  G8]	  =	  Red	  Delicious.	  Numbers	  are	  referent	  to	  the	  number	  attributed	  
to	  the	  positive	  colony	  used.	  SFBB-­‐like	  gene	  sequences	  are	  in	  gray	  and	  GU345808	  reference	  sequence	  is	  in	  bue.	  
	   28	  
Sequences	  of	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  S24)	  cultivars	  were	  used	  as	  query	  in	  local	  Blast	  
searches	  and,	   as	   subjects,	  were	  used	   the	   reads	   from	   the	   transcriptome	  of	   the	  10	  S-­‐haplotypes,	  
covered	  by	  the	  nine	  M.	  domestica	  cultivars	  described.	  The	  presence	  of	  identical	  sequences	  to	  the	  
Fuji	   Gu8/G8	   sequences	   in	   the	   transcriptomes	   reads	   of	   Northern	   Spy	   (S1,	   S3),	   allows	   the	  
assignment	  of	  this	  sequence	  to	  the	  S1-­‐SFBB5	  gene.	  For	  Honeycrisp,	  Gu8/G8	  sequences,	   identical	  
sequences	  are	  not	  present	  in	  the	  transcriptomes	  of	  Gala	  (S2,	  S5)	  and	  Golden	  Delicious	  (S2,	  S3)	  and	  
thus,	  this	  sequence	  was	  assigned	  to	  S24-­‐SFBB5	  gene.	  
To	  confirm	  that	  the	  sequences	  obtained	  with	  specific	  SFBBGu8	  primers	  from	  Fuji	  (S1,	  S9)	  and	  
Honeycrisp	   (S2,	   S24)	   cultivars	   represent	   S1-­‐	   and	   S24-­‐SFBB5,	   respectively,	   PCR	   amplification	   of	  
SFBBGu8,	   using	   Gu8F	   forward	   specific	   primer	   in	   combination	   with	   SFBBgenR	   reverse	   general	  
primer,	  was	  performed	   in	   six	  M.	  domestica	   cultivars,	  namely,	   Idared	   (S3,	   S7),	  Red	  Delicious	   (S9,	  
S28),	   Empire	   (S10,	   S28),	  Gala	   (S2,	   S5),	  Golden	  Delicious	   (S2,	   S3)	  and	  McIntosh	   (S10,	   S25)	   and	   in	  
four	   individuals	  of	  F1	  progeny	   from	  the	  cross	  of	  Fuji	   (S1,	  S9)	  with	  Honeycrisp	   (S2,	  S24),	  namely,	  
individual	  10	  (S1,	  S24),	   individual	  12	  (S1,	  S24)	   individual	  26	  (S9,	  S24)	  and	  individual	  28	  (S9,	  S24).	  
No-­‐amplification	   was	   observed	   in	   all	   the	  M.	   domestica	   cultivars	   described,	   whereas	   regarding	  
individuals	   of	   F1	   progeny,	   the	   amplification	   product	   of	   ≈900bp	   (specific	   amplification)	   was	  
obtained.	  The	  amplification	  of	  SFFBGu8	  sequences	  only	  in	  the	  individuals	  presenting	  S1-­‐	  and	  S24-­‐	  
alleles,	  further	  supported	  the	  inference	  that	  the	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  S24)	  sequences	  
are	  S1-­‐	  and	  S24-­‐	  SFBB5,	  respectively.	  	  
	  
2.2.2.	  SFBBN3	  CLONING	  AND	  SEQUENCING	  RESULTS	  FROM	  NINE	  M.	  DOMESTICA	  CULTIVARS	  
One	   amplification	   product	   of	   ≈600bp	   was	   obtained	   from	   the	   PCR	   amplification	   using	   N3F	  
forward	  specific	  primer	  in	  combination	  with	  N3R	  reverse	  specific	  primer	  and	  genomic	  DNA	  from	  
Northern	  Spy	  (S1,	  S3),	  Idared	  (S3,	  S7),	  Red	  Delicious	  (S9,	  S28),	  Empire	  (S10,	  S28),	  Fuji	  (S1,	  S9),	  Gala	  
(S2,	  S5),	  Golden	  Delicious	  (S2,	  S3),	  Honeycrisp	  (S2,	  S24)	  and	  McIntosh	  (S10,	  S25)	  cultivars.	  The	  PCR	  
products	  of	  all	  the	  cultivars	  described	  were	  cloned	  and	  sequenced,	  as	  explained	  in	  Material	  and	  
Methods.	  
Phylogenetic	   analysis	   revealed	   that	   the	   only	   sequences	   that	   cluster	   with	   SFBBN3	   reference	  
sequence	  are	  those	  obtained	  from	  Red	  Delicious	  (S9,	  S28)	  and	  Empire	  (S10,	  S28)	  cultivars	  (Figure	  
10).	  For	  these	  two	  cultivars	  the	  other	  sequences	  cluster	  with	  sequences	  of	  the	  SFBB1	  gene	  (Figure	  
10).	   The	   sequences	   obtained	   from	  Northern	   Spy	   (S1,	   S3),	   Idared	   (S3,	   S7),	   Gala	   (S2,	   S5),	   Golden	  
Delicious	  (S2,	  S3),	  Honeycrisp	  (S2,	  S24)	  and	  McIntosh	  (S10,	  S25)	  cultivars	  cluster	  either	  with	  SFBB1	  
or	  SFBB13	  genes,	  while	  Fuji	  (S1,	  S9)	  sequences	  cluster	  only	  with	  the	  SFBB1	  gene.	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Figure	  10.	  Phylogenetic	  tree	  of	  the	  sequences	  obtained	  from	  cloning	  and	  sequencing	  analysis	  of	  SFBBN3	  from	  the	  
nine	  M.	   domestica	   cultivars	   used	   in	   the	   present	  work,	   using	   both	   SFBBN3	   specific	   primers.	  Phylogenetic	   tree	  was	  
obtained	  using	  MEGA6	   (Tamura	  et	  al.,	   2013).	  Designations	  are	  encoded	  as	   follows:	   [Honey]	  =	  Honeycrisp	  sequences;	  
[Emp]	  =	  Empire	   sequences;	   [Fuji]	   =	  Fuji	   sequences;	   [Rdel]	   =	  Red	  Delicious	   sequences;	   [McInt]	   =	  McIntosh	   sequences;	  
[NSpy]	   =	  Nothern	   Spy	   sequences;	   [Ida]	   =	   Idared	   sequences;	   [Gala]	   =	  Gala	   sequences;	   and	   [Gdel]	   =	  Golden	   Delicious	  
sequences.	  Numbers	  are	  referent	  to	  the	  number	  attributed	  to	  the	  positive	  colony	  used.	  SFBB-­‐like	  gene	  sequences	  are	  in	  
gray	  and	  S28-­‐SFBBN3	  reference	  sequence	  is	  in	  blue.	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Empire	  (S10,	  S28)	  and	  Red	  Delicious	  (S9,	  S28)	  sequences	  that	  cluster	  with	  SFBBN3	  sequence	  are	  
not	   present	   in	   none	   of	   the	   reads	   from	   the	   transcriptomes	   of	   the	   other	   cultivars,	   so	   these	  
sequences	  were	  assigned	  to	  S28-­‐haplotype	  of	  SFBB1	  gene.	  
To	   address	   if	   the	   lack	   of	   amplification	   of	   SFBFN3	   sequences	   from	   cultivars	   other	   than	   Red	  
Delicious	   (S9,	   S28)	   and	   Empire	   (S10,	   S28)	   is	   due	   to	   polymorphism	   at	   the	   primers	   region,	   PCR	  
reactions	  were	  also	  performed	  using	  N3F	  forward	  specific	  primer	  in	  combination	  with	  SFBBgenR	  
reverse	   general	   primer	   and	   the	   genomic	   DNA	   from	   the	   different	   cultivars	   as	   template.	   The	  
expected	  amplification	  product	  of	  ≈750bp	  was	  obtained	  in	  all	  cultivars	  although,	  were	  only	  cloned	  
those	   of	   Empire	   (S10,	   S28)	   and	   Honeycrisp	   (S2,	   S24)	   cultivars,	   as	   described	   in	   Material	   and	  
Methods.	  A	  similar	  result	  was	  obtained	  for	  the	  PCR	  reaction	  using	  the	  SFBBgenF	  forward	  general	  
primer	   in	   combination	  with	   N3R	   reverse	   specific	   primer.	   The	   amplification	   products	   of	   ≈700bp	  
obtained	   from	   Empire	   (S10,	   S28)	  and	  Honeycrisp	   (S2,	   S24)	  were	   also	   cloned	   and	   sequenced,	   as	  
described	  in	  Material	  and	  Methods.	  	  
Phylogenetic	   analysis	   of	   the	   sequences	   obtained	   together	   with	   the	   18	   SFBB-­‐like	   genes	  
identified	  revealed	  that	  all	  the	  sequences	  obtained	  from	  Honeycrisp	  (S2,	  S24)	  cultivar,	  using	  both	  
primers	   combinations	   described,	   represent	   allele	   sequences	   of	   SFBB3,	   SFBB8,	   SFBB11,	   SFBB12,	  
SFBB13,	   SFBB14	   and	  SFBB16	   genes	   (Figure	  11).	   Regarding	   the	   sequences	  obtained	   from	  Empire	  
(S10,	   S28),	   using	   both	   primers	   combinations	   described,	   only	   the	   EmpRC+Fe	   4	   clusters	   with	  
SFBFN3.	   The	   remaining	   sequences	   are	   alleles	   of	   SFBB2,	   SFBB5,	   SFBB8,	   SFBB9,	   SFBB11,	   SFBB12,	  
SFBB13	  SFBB14	  and	   SFBB16	  genes	   (Figure	  11).	  These	  results	   suggest	   that	  SFBBN3	  represent	   the	  
S28-­‐	  diverged	  allele	  of	  SFBB1	  gene	  (Figure	  12)	  and	  not	  a	  new	  SFBB	  gene.	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Figure	   11.	   Phylogenetic	   tree	   of	   the	   sequences	   obtained	   from	   cloning	   and	   sequencing	   analysis	   of	   SFBBN3	   from	  
Empire	   and	  Honeycrisp	   cultivars,	   using	  both	   specific	   primers	  with	   general	   primers	   combinations.	  Phylogenetic	   tree	  
was	   obtained	   using	   MEGA6	   (Tamura	   et	   al.,	   2013).	   Designations	   are	   encoded	   as	   follows:	   [Rc]	   =	   SFBBgenR;	   [Fc]	   =	  
SFBBgenF;	  [Re]	  =	  N3R;	  [Fe]	  =	  N3F;	  [Hon]	  =	  Honeycrisp	  sequences;	  and	  [Emp]	  =	  Empire	  sequences.	  Numbers	  are	  referent	  
to	  the	  number	  attributed	  to	  the	  colony	  used.	  SFBB-­‐like	  gene	  sequences	  are	  in	  gray.	  S28-­‐SFBBN3	  reference	  sequence	  is	  
in	  blue.	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SFBB5 S24
99
91
SFBB7 S1
SFBB7 S24
99
 (HM
013924) SFBB7 S10
SFBB7 S25
99
SFBB7 S7
SFBB7-S5
SFBB7 S2
 (AB539845) SFBB7 S3
86
 (AB270794) SFBB7 S9
SFBB7 S28
99
99
99
99
2.2.3.	  CONCLUSION	  
In	   conclusion,	   it	   was	   shown	   that	   both	   SFBBGu8	   and	   SFBBN3	   sequences	   represent	   divergent	  
alleles	  of	  SFBB5	  and	  SFBB1,	  respectively.	  Furthermore,	   for	  SFBB5	  gene	  there	   is	  no	  copy	  number	  
variation	  since	  now	  all	  the	  10	  S-­‐haplotypes	  present	  in	  the	  cultivars	  used	  have	  been	  characterized	  
(Figure	  12).	  For	  SFBB1	  gene	  linkage	  has	  not	  been	  established	  since	  identical	  sequences	  have	  been	  
found	   in	   more	   than	   two	   individuals,	   not	   presenting	   the	   same	   S-­‐haplotype.	   The	   data	   here	  
presented	   do	   not	   support	   copy	   number	   variation	   of	   SFBBs	   genes	  within	   each	   S-­‐haplotype.	   The	  
very	  diverged	  SFBB	  alleles	  described	  may	  be	  involved	  in	  the	  recognition	  of	  a	  particular	  non-­‐self	  S-­‐
RNase,	  as	  proposed	  by	  Kubo	  et	  al.,	  (2015).	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   12.	  Neighbour-­‐Joining	   phylogenetic	   tree	   of	  M.	   domestica	   SFBB	   sequences	   previously	   characterized	   plus	   S1-­‐
SFBB5	  and	  S24-­‐SFBB5	  sequences.	  Phylogenetic	  tree	  was	  obtained	  using	  MEGA6	  (Tamura	  et	  al.,	  2013)	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3.	  S-­‐RNASE	  CHARACTERIZATION:	  PHYLOGENETIC	  ANALYSIS	  AND	  S-­‐RNASE	  GENOTYPING	  OF	  
F1	  PROGENY	  FROM	  THE	  CROSS	  OF	  FUJI	  (S1,	  S9)	  WITH	  HONEYCRISP	  (S2,	  S24)	  
	  
The	  molecular	  characterization	  of	  S-­‐RNase	  based	  GSI	  often	  starts	  with	  the	  characterization	  of	  
the	  S-­‐RNase	  gene,	  which	  determines	  the	  S-­‐haplotype	  definition.	  Thus,	  sequences	  from	  the	  10	  S-­‐
RNase	  alleles	  covered	  by	  the	  nine	  M.	  domestica	  cultivars	  used	  in	  the	  present	  work	  -­‐	  Northern	  Spy	  
(S1,	   S3),	   Idared	   (S3,	   S7),	   Red	   Delicious	   (S9,	   S28),	   Empire	   (S10,	   S28),	   Fuji	   (S1,	   S9),	   Gala	   (S2,	   S5),	  
Golden	   Delicious	   (S2,	   S3),	   Honeycrisp	   (S2,	   S24)	   and	  McIntosh	   (S10,	   S25)	   -­‐	  were	   retrieved	   from	  
GenBank	  in	  order	  to:	  (1)	  perform	  phylogenetic	  analysis	  to	  compare	  the	  evolutionary	  history	  of	  the	  
S-­‐RNase	   gene	   and	   the	   SFBB-­‐like	   genes	   characterized	   (for	   further	   details,	   see	   2.	   Molecular	  
Characterization	   of	   SFBBGu8	   and	   SFBBN3,	   two	   higly	   divergent	   SFBB	   sequences	   of	   SFBB5	   and	  
SFBB1	  genes,	   respectively);	   (2)	  develop	  a	  PCR-­‐RFLP	  approach	  to	  S-­‐genotype	  37	   individuals	  of	  F1	  
progeny	  from	  the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24)	  cultivars.	  	  
	  
3.1	  MATERIAL	  AND	  METHODS	  
	  
3.1.1.	  PHYLOGENETIC	  ANALYSIS	  
The	   sequence	   for	   the	   10	   S-­‐RNase	   alleles	   used	   in	   this	   work	   were	   retrieved	   from	   GenBank	  
(www.ncbi.nlm.nih.gov/genbank/)	  and	  the	  coding	  regions	  aligned,	  using	  the	  ClustalX	  algorithm	  in	  
MEGA6	  software	  (Tamura	  et	  al.,	  2013).	  It	  should	  be	  noted	  that	  the	  intron	  region	  is	  very	  divergent	  
between	  S-­‐RNases	  and	  its	  alignment	  is	  ambiguous	  (Vieira	  et	  al.,	  2008).	  The	  phylogenetic	  tree	  was	  
obtained	  with	  MEGA6	  software	  (Tamura	  et	  al.,	  2013).	  
	  
3.1.2.	  PLANT	  MATERIAL	  AND	  DNA	  EXTRACTION	  
37	   individuals	   of	   F1	   progeny	   from	   the	   cross	   of	   Fuji	   (S1,	   S9)	   with	  Honeycrisp	   (S2,	   S24)	   were	  
obtained	   in	   Michigan	   State	   University.	   Leaves	   from	   each	   individual	   were	   collected	   and	  
subsequently	   stored	   at	   -­‐20ºC,	   after	   shade	   drying.	   Genomic	   DNA	   was	   extracted	   from	   leaves	  
according	  to	  the	  method	  in	  Ingram	  et	  al.,	  (1997),	  as	  described	  previously.	  Extracted	  leaf	  genomic	  
DNA	  was	  treated	  with	  RNase	  A	  (Roche).	  	  
	  
3.1.3.	  GENOTYPING	  OF	  S-­‐RNASES	  
Genomic	   DNA	   extracted	   from	   leaves	   of	   the	   progeny	   seedlings	   was	   used	   as	   template	   for	   S-­‐
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RNase	   amplification,	   by	   PCR.	  While,	  S1-­‐RNase	   and	  S24-­‐RNase	  were	   co-­‐amplified	  with	   the	   same	  
primers	  combination,	  S2-­‐RNase	  and	  S9-­‐RNase	  were	  amplified	  using	  different	  primers	   forward	   in	  
combination	  with	   the	  same	  primer	  reverse	   (Table	  3).	  None	  of	   the	  primers	  combinations	  used	   is	  
considered	   to	  be	   specific	   (for	   further	  details,	   see	  7.	   Supplementary	  material;	   Figure	  1).	   Primers	  
were	   design	   using	   OLIGO	   4.0.	   software	   (Bill_A_Nussbaumer	   at	   ms.bd.com).	   The	   primers	  
combinations	  for	  S1-­‐RNase,	  S2-­‐RNase,	  S9-­‐RNase	  and	  S24-­‐RNase	  are	  listed	  in	  Table	  3.	  
	  
Table	   3.	   Primers	   used	   to	   characterize	   the	   S-­‐RNase	   alleles.	   Primer	   sequences,	   annealing	   temperatures	  and	  PCR	  
products	  fragment	  sizes	  presented	  in	  detail.	  
	  
S-­‐RNase	  
allele	  
Primer	  Forward	  
Name	  :	  Sequence	  (5'-­‐	  3')	  
Prime	  Reverse	  
Name	  :	  Sequence	  (5'-­‐	  3')	  
Annealing	  
Temperature	  
(ºC)	  
Amplified	  
fragment	  
size	  (bp)	  
S2	   S2F:	  CTCTAATCCTACTCCTTG	   SgenR:	  TATTCTTTTGGCACTTGA	   50	   578	  
S9	   S9F:	  AAGTTGTTTACGGTTCAC	   SgenR:	  TATTCTTTTGGCACTTGA	   49	   541	  
S1/S24*	   S1/S24F:	  TTACTGTTCACGGTTTGT	   S1/S24R:	  TTTCTCCCACTGTTTACG	   49	   ≈500	  (both	  
alleles)	  
	  
*Full-­‐length	  sequences	  of	  S1/S24F	  and	  S1/S24R	  primers,	  as	  can	  be	  observed	  in	  7.	  Supplementary	  material;	  Figure	  1,	  are	  only	  present	  in	  
S24-­‐RNase	   sequence.	   Although,	   under	   the	   PCR	   conditions	   used	   this	   primers	   combination	   also	   amplifies	   S1-­‐RNase.	   The	   nucleotides	  
underlined	  are	  different	  in	  S1-­‐RNase	  sequence.	  	  
	  
Each	   PCR	   reaction	   contained	   1μg	   of	   environmental	   genomic	   DNA	   template,	   10x	   Taq	   Buffer,	  
10x	   dNTP’s	   75μM,	   3mM	  of	  MgCl2,	   0,5μM	  of	   both	   forward	   and	   reverse	   primer,	   1U	   of	   Taq	  DNA	  
Polymerase	   (Thermo	  Scientific),	   and	  dH2O	  up	   to	  a	   total	   volume	  of	  10µL.	   Standard	  amplification	  
conditions	  were,	  a	  first	  denaturation	  cycle	  at	  96ºC	  for	  2min;	  35	  cycles	  of	  denaturation	  at	  95ºC	  for	  
30s,	   primer	   annealing	   for	   45s	   (specific	   annealing	   temperatures	   listed	   in	   Table	   3)	   and	   primer	  
extension	  at	  72ºC	  for	  2min;	  final	  primer	  extension	  at	  72ºC	  for	  5	  min.	  PCR	  products	  were	  run	  on	  
1,5%	   agarose	   gels	   in	   1x	   TAE	   buffer	   and	   the	   DNA	   bands	   were	   visualized	   by	   ethidium	   bromide	  
staining.	  	  
Since,	   none	   of	   the	   primers	   combinations	   used	   specifically	   amplify	   each	  S-­‐RNase	   allele,	   to	   S-­‐
genotype	   the	  37	   individuals	   from	  F1	  progeny,	   the	   four	  S-­‐RNase	   alleles	   sequences	  were	  used	   to	  
develop	   S-­‐allele-­‐specific	   RFLP	   markers,	   using	   the	   restriction	   mapper	   tool	  
(http://www.restrictionmapper.org/).	   The	   enzymes	   used	   for	   each	   S-­‐RNase	   allele	   and	   the	  
respective	  RFLP	  diagnostic	  markers	  are	  listed	  in	  Table	  4.	  Each	  restriction	  digestion	  used	  2μl	  of	  PCR	  
product,	   1U	   of	   restriction	   enzyme,	   10x	   Buffer	   and	   dH2O	   up	   to	   a	   total	   volume	   of	   5	   µL.	   After	  
amplicons	  digestion,	  the	  resultant	  fragments	  were	  resolved	  by	  electrophoresis,	  using	  2%	  agarose	  
gels	  in	  1x	  SGTB	  buffer,	  and	  the	  DNA	  bands	  were	  visualized	  by	  ethidium	  bromide	  staining.	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Table	  4.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  the	  S-­‐RNases	  alleles.	  
RFLP	  diagnostic	  markers	  are	  in	  bold	  and	  underlined.	  	  
	  
Primers	   Restriction	  Enzyme	   S-­‐RNase	  allele	   Restriction	  Pattern	  
S1/S24F	  +	  S1/S24R	   ApoI	  
S1	   138	  +	  376	  
S2	   101	  +	  188	  
S9	   12	  +71	  +	  87	  +	  116	  
S24	   98	  +	  101	  +	  138	  +	  172	  
S2F+SgenR	   BccI	  
S1	   Noncutter	  
S2	   96	  +	  482	  
S9	   Noncutter	  
S24	   Noncutter	  
S9F+SgenR	   AciI	  
S1	   665	  +	  70	  
S2	   Noncutter	  
S9	   194	  +	  347	  
S24	   Noncutter	  
 
	  
3.2.	  RESULTS	  
	  
3.2.1.	  PHYLOGENETIC	  RELATIONSHIP	  BETWEEN	  10	  S-­‐RNASE	  ALLELES	  
The	  phylogenetic	  relationship	  of	  the	  10	  S-­‐RNase	  sequences	  present	  in	  the	  cultivars	  used	  in	  this	  
study	  is	  shown	  in	  Figure	  13.	  As	  can	  be	  observed,	  the	  closely	  related	  S-­‐RNases	  are	  S7-­‐,	  S9-­‐	  and	  S2-­‐
RNases;	   S3-­‐	   and	   S10-­‐RNases;	   and	   S1-­‐	   and	   S24-­‐RNases.	   In	   GenBank	   there	   are	   two	   different	  
sequences	   assigned	   as	   S10-­‐RNases	   but	   only	   one	   has	   been	   obtained	   from	   the	  McIntosh	   cultivar	  
(sequence	  underline	  in	  Figure	  13).	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  13.	  The	  phylogenetic	  relationship	  of	  the	  10	  S-­‐haplotypes	  used	  in	  the	  present	  work	  based	  on	  the	  S-­‐RNase	  gene.	  
Phylogenetic	   tree	   was	   obtained	   using	   MEGA6	   (Tamura	   et	   al.,	   2013).	   In	   colour	   the	   S-­‐RNase	   sequences	   present	   in	  
individuals	  of	  F1	  progeny	  from	  the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24).	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3.2.2.	  S-­‐RNASES	  GENOTYPE	  OF	  37	  INDIVIDUALS	  OF	  F1	  PROGENY	  FROM	  THE	  CROSS	  OF	  FUJI	  (S1,	  S9)	  WITH	  
HONEYCRISP	  (S2,	  S24)	  
The	   S-­‐RNases	   from	   the	   37	   individuals	   of	   F1	   progeny	   from	   the	   cross	   of	   Fuji	   (S1,	   S9)	   with	  
Honeycrisp	   (S2,	   S24)	   were	   molecularly	   characterized.	   In	   all	   the	   37	   individuals	   studied,	   using	  
S1/S24F	  forward	  primer	  in	  combination	  with	  S1/S24R	  reverse	  primer,	  was	  obtained	  a	  PCR	  product	  
of	   ≈500	   bp.	   This	   PCR	   product	   digestion	   with	   ApoI	   restriction	   enzyme	   resulted	   in	   two	   RFLP	  
diagnostic	  fragments	  of	  ≈133pb	  and	  ≈379pb,	  in	  all	  individuals	  presenting	  S1-­‐RNase	  allele;	  and/or	  
in	   three	   RFLP	   diagnostic	   fragments	   located	   between	   ≈100bp	   and	   ≈200bp	   (98bp	   and	   101bp	  
fragments	  were	  not	  distinguishable),	  in	  all	  individuals	  presenting	  S24-­‐RNase	  allele.	  	  
In	  all	  the	  37	  individuals	  studied,	  using	  S2F	  forward	  primer	  in	  combination	  with	  SgenR	  reverse	  
primer,	  was	  obtained	  a	  PCR	  product	  of	  ≈578bp.	  This	  PCR	  product	  digestion	  with	  BccI	   restriction	  
enzyme	   resulted	   in	   two	   RFLP	   diagnostic	   fragments	   of	   ≈96bp	   and	   ≈482bp,	   in	   all	   the	   individuals	  
presenting	  S2-­‐RNase	  allele.	  	  
Lastly,	   in	  all	   the	  37	   individuals	   studied,	  using	  S9F	   forward	  primer	   in	   combination	  with	  SgenR	  
reverse	   primer,	   was	   obtained	   a	   PCR	   product	   of	   ≈541bp.	   This	   PCR	   product	   digestion	   with	   AciI	  
restriction	   enzyme	   resulted	   in	   two	  RFLP	  diagnostic	   fragments	   of	  ≈194bp	  and	  ≈347bp,	   in	   all	   the	  
individuals	  presenting	  S9-­‐RNase	  allele.	  
	  
3.2.3.	  CONCLUSION	  
In	   conclusion,	   as	   can	   be	   observed	   in	   Table	   5,	   17	   individuals	   presented	   the	   S1-­‐RNase,	   21	  
individuals	   presented	   the	   S2-­‐RNase,	   20	   individuals	   presented	   the	   S9-­‐RNase,	   and	   16	   individuals	  
presented	  the	  S24-­‐RNase.	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Table	   5.	  Characterization	   of	   the	   S-­‐RNases	   alleles	   of	   each	   of	   the	   37	   individuals	   obtained	   from	   cross-­‐pollination	  
between	  Fuji	   (S1,	   S9)	   and	  Honeycrisp	   (S2,	   S24).	   In	  brackets	   is	  the	  number	  of	   individuals	  possessing	  the	  respective	  S-­‐
RNase	   allele.	   The	   individual	   code	   numbering	   is	   not	   continuous;	   the	   numbers	  missing	   were	   attributed	   to	   individuals	  
excluded	  from	  analysis	  due	  to	  contaminations.	  
	  
Individual	  code	   S1-­‐RNase	  (17)	   S2-­‐RNase	  (21)	   S9-­‐RNase	  (20)	   S24-­‐RNase	  (16)	  
2	   X	   X	   	   	  
3	   	   X	   X	   	  
5	   	   X	   X	   	  
6	   X	   	   	   X	  
7	  
	  
X	   X	  
	  
8	  
	   	  
X	   X	  
9	   X	   X	   	   	  
10	   X	   	   	   X	  
12	   X	   	   	   X	  
13	   	   X	   X	   	  
14	  
	  
X	   X	  
	  
15	   X	  
	   	  
X	  
16	   	   X	   X	   	  
18	   	   X	   X	   	  
19	   	   X	   X	   	  
20	   X	   	   	   X	  
23	   X	   X	  
	   	  
26	  
	   	  
X	   X	  
27	   	   X	   X	   	  
28	   	   	   X	   X	  
31	   	   X	   X	   	  
32	   X	   	   	   X	  
33	   X	   X	  
	   	  
34	  
	   	  
X	   X	  
35	   X	   	   	   X	  
36	   X	   X	   	   	  
37	   	   	   X	   X	  
39	   	   X	   X	   	  
40	  
	  
X	   X	  
	  
45	   X	   X	  
	   	  
48	   	   X	   X	   	  
49	   X	   X	   	   	  
50	   	   	   X	   X	  
51	   X	   	   	   X	  
52	   X	  
	   	  
X	  
53	   X	   X	  
	   	  
54	   	   	   X	   X	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4.	   SEGREGATION	   ANALYSIS	   OF	   15	   SFBB-­‐LIKE	   GENES	   TOWARDS	   S1-­‐,	   S2-­‐,	   S9-­‐	   AND	   S24-­‐
RNASES	  USING	  F1	  PROGENY	  FROM	  THE	  CROSS	  OF	  FUJI	  (S1,	  S9)	  WITH	  HONEYCRISP	  (S2,	  S24)	  
	  
Collaborative	   non-­‐self	   recognition	   model	   has	   been	   reported	   as	   being	   the	   GSI	   mechanism	  
present	  in	  Pyrinae	  (Aguiar	  et	  al.,	  2013;	  De	  Franceschi	  et	  al.,	  2012;	  Kakui	  et	  al.,	  2011).	  According	  to	  
this	  model,	  SFBB	  genes	  are	  expected	  to	  be	  in	  linkage	  with	  the	  S-­‐RNase	  gene	  and	  to	  be	  expressed	  
in	   pollen	   only	   (Kubo	   et	   al.	   2010).	   The	   18	   SFBB-­‐like	   genes,	   previously	   obtained	   by	   a	   PCR-­‐based	  
approach	   together	   with	   the	   pollen	   transcriptome	   data	   from	   the	   nine	   M.	   domestica	   cultivars	  
described	   (for	   further	   details,	   see	   2.	  Molecular	   characterization	   of	   SFBBGu8	   and	   SFBBN3	   -­‐	   two	  
highly	  divergent	  SFBB	  sequences	  of	  SFBB5	  and	  SFBB1	  genes,	  respectively;	  Figure	  8),	  are	  exclusive	  
expressed	  in	  pollen	  (Aguiar	  et	  al.,	  2016	  data	  not	  published;	  Vieira	  CP,	  personal	  communication).	  
Therefore,	   to	   consider	   the	   18	   putative	   candidates	   as	   pollen	   S-­‐genes,	   linkage	   with	   the	   S-­‐RNase	  
gene	  needs	  to	  be	  established.	  Thus,	  in	  this	  work,	  based	  on	  the	  SFBB-­‐like	  nucleotide	  sequences,	  a	  
PCR-­‐RFLP	  approach	  was	  developed	  to	  address	  linkage	  between	  15	  SFBB-­‐like	  genes,	  namely	  SFBB2,	  
SFBB3,	   SFBB4,	   SFBB6,	   SFBB7,	   SFBB8,	   SFBB9,	   SFBB10,	   SFBB11,	   SFBB12,	   SFBB13,	   SFBB14,	   SFBB16,	  
SFBBX11MONO	  and	  SFBBN4	  genes	  and	  the	  S-­‐RNase	  gene,	  using	  37	  individuals	  of	  F1	  progeny	  from	  
the	  cross	  of	  Fuji	  (S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24)	  cultivars.	  	  
SFBB1	   and	  SFBB15	   genes	  were	  not	   included	   in	   these	  analyses	   since	  different	   individuals	  not	  
sharing	   a	   S-­‐RNase	   allele	   presents	   identical	   sequences	   (Figure	   8).	   It	   is	   known	   that	   different	   S-­‐
RNases	  could	  share	  the	  same	  allele	  at	  a	  particular	  SFBB	  gene	  (for	  instance	  the	  SFBBX11MONO	  has	  
identical	   sequences	   in	   S3-­‐	   and	   S9-­‐	   haplotypes;	   Minamikawa	   et	   al.,	   2010).	   Nevertheless,	   the	  
presence	  of	  identical	  sequences	  in	  individuals	  with	  different	  S-­‐haplotypes,	  as	  observed	  for	  SFBB1	  
and	   SFBB15	   genes,	   requires	   data	   from	  multiple	   crosses	   to	   address	   linkage	   with	   S-­‐RNase	   gene.	  
Furthermore,	  SFBB5	  was	  also	  not	  included	  in	  this	  analysis	  because,	  at	  the	  time	  linkage	  with	  the	  S-­‐
RNase	  gene	  was	  being	  established,	  S1-­‐	  and	  S24-­‐haplotypes	  sequences	  were	  still	  uncharacterized	  
(for	   further	   details,	   see	   2.	   Molecular	   characterization	   of	   SFBBGu8	   and	   SFBBN3	   -­‐	   two	   highly	  
divergent	  SFBB	  sequences	  of	  SFBB5	  and	  SFBB1	  genes,	  respectively).	  
	  
4.1.	  MATERIAL	  AND	  METHODS	  
	  
4.1.1.	  PLANT	  MATERIAL	  AND	  DNA	  EXTRACTION	  
37	   individuals	   of	   F1	   progeny	   from	   the	   cross	   of	   Fuji	   (S1,	   S9)	  with	   Honeycrisp	   (S2,	   S24)	   were	  
obtained	   in	   Michigan	   State	   University.	   Leaves	   from	   each	   individual	   were	   collected	   and	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subsequently	   stored	   at	   -­‐4ºC,	   after	   shade	   drying.	   Genomic	   DNA	   was	   extracted	   from	   leaves	  
according	  to	  the	  method	  in	  Ingram	  et	  al.,	  (1997),	  as	  described	  previously.	  Extracted	  leaf	  genomic	  
DNA	  was	  treated	  with	  RNase	  A	  (Roche).	  	  
	  
4.1.2.	  PRIMERS	  DESIGN	  
Based	   on	   the	   alignment	   of	   the	   18	   SFBB-­‐like	   genes,	   primers	   for	   each	   SFBB-­‐like	   gene	   (SFBB2,	  
SFBB3,	   SFBB4,	   SFBB6,	   SFBB7,	   SFBB8,	   SFBB9,	   SFBB10,	   SFBB11,	   SFBB12,	   SFBB13,	   SFBB14,	   SFBB16,	  
SFBBX11MONO,	   and	   SFBBN4)	   were	   design	   using	   OLIGO	   4.0.	   software	   (Bill_A_Nussbaumer	   at	  
ms.bd.com)	  for	  unique	  nucleotide	  positions	  at	  the	  reference	  sequences	  (for	  further	  details,	  see	  7.	  
Supplementary	  material;	   Figure	  2).	  When	   the	  amplification	   size	  using	  both	   specific	  primers	  was	  
too	   small	   to	   further	   find	   a	   suitable	   polymorphism	   for	   RFLP	   identification,	   or	  when,	   it	   results	   in	  
non-­‐specific	   amplification	   or	   even	   non-­‐amplification,	  was	   used	   a	   combination	   between	   specific	  
primers	   and	   SFBB	   general	   primers,	   previously	   designed	   by	   Aguiar	   et	   al.	   (2013).	   The	   specific	  
primers	   combinations	   for	   SFBB2,	   SFBB3,	   SFBB4,	   SFBB6,	   SFBB7,	   SFBB8,	   SFBB9,	   SFBB10,	   SFBB11,	  
SFBB12,	  SFBB13,	  SFBB14,	  SFBB16,	  SFBBX11MONO,	  and	  SFBBN4	  genes	  are	  listed	  in	  Table	  6.	  
	  
Table	   6.	   Primers	   used	   to	   characterize	   the	   SFBB-­‐like	   genes.	   Primer	   sequences,	   annealing	   temperatures	   and	   PCR	  
products	  fragment	  sizes	  presented	  in	  detail.	  
	  
	  
*SFBB	  genes	  amplified	  with	  specific	  primer	  in	  combination	  with	  SFBB	  general	  primer.	  For	  SFBB4	  and	  SFBB11,	  with	  both	  specific	  primers	  
a	   small	   size	   PCR	   product	   was	   obtained.	   For	   SFBB13,	   reverse	   specific	   primer	   had	   degenerated	   positions	   for	   S1-­‐haplotype.	   For	  
SFBBX11MONO,	  specific	  primers	  combination	  results	  in	  non-­‐specific	  amplification.	  	  
SFBB-­‐like	  gene	   Primer	  forward	  Name	  :	  Sequence	  (5'-­‐	  3')	  
Primer	  reverse	  
Name	  :	  Sequence	  (5'-­‐	  3')	  
Annealing	  
temperature	  
(ºC)	  
Amplified	  
fragment	  
size	  (bp)	  
SFBB2	   SFBB2F:	  CCACTTCTATCCTTCTCC	   SFBB2R:	  CATTACCCATATTTCAAG	   49	   767	  
SFBB3	   SFBB3F:	  TTCTCAACCGTTCTCAGT	   SFBB3R:	  AATCAAATGAAAGTATGC	   52	   588	  
SFBB4*	   SFBB4F:	  GCAACTTCCTGATTCATT	   SFBBgenR:	  GTCCATTACCCAYRTYTC	   52	   484	  
SFBB6	   SFBB6F:	  ACTTCACTCGCATCCTTT	   SFBB6R:	  AAATCCCTTCAAGTACAT	   49	   535	  
SFBB7	   SFBB7F:	  CATCAATAGTCCAAGTTT	   SFBB7R:	  AAGCAATAYGAAGTGACA	   50	   784	  
SFBB8	   SFBB8F:	  CTCTTATCAATAGTCCAT	   SFBB8R:	  AAGGTCCAGCAGTTAGGT	   49	   897	  
SFBB9	   SFBB9F:	  TGTATCCTTCTCAACCGT	   SFBB9R:	  CTCGCCATCGTTTGCAAG	   52	   579	  
SFBB10	   SFBB10F:	  ACTCTCATCCTCYACTTG	   SFBB10R:	  GTAAGGGATTCATTACGA	   49	   708	  
SFBB11*	   SFBBgenF:	  AAGTCYCTGATGMGRTTC	   SFBB11R:	  ATAACAAAATCCCTTCAT	   54	   672	  
SFBB12	   SFBB12F:	  CGTTCTCAGGCTCACATT	   SFBB12R:	  GCAAGGGATTCATTTCGG	   51	   674	  
SFBB13*	   SFBB13F:	  ATTCAGGCAACTTCCCCC	   SFBBgenR:	  GTCCATTACCCAYRTYTC	   49	   509	  
SFBB14	   SFBB14F:	  CAGGGAAAACTGTTATTA	   SFBB14R:	  AAGAAGTGATGGATTCAT	   52	   489	  
SFBB16	  
SFBB16F1:	  CATTGATAGTGATGAGAG	   SFBB16R:	  TGAGGAAGAGCAGTATGT	   47	   387	  
SFBB16F2:	  CCCTCATCAATAGTCCTC	   SFBB16R:	  TGAGGAAGAGCAGTATGT	   47	   496	  
SFBBX11MONO*	   SFBBx11F:	  TCCAGGTTGTTGCCCAAA	   SFBBgenR:	  GTCCATTACCCAYRTYTC	   52	   837	  
SFBBN4	   SFBBN4F:	  TCCTTCTCAACCGTTCTG	   SFBBN4R:	  TGTATTCCTCGCCATCTG	   51	   579	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4.1.3.	  LINKAGE	  CHARACTERIZATION	  BETWEEN	  S-­‐RNASE	  AND	  SFBB-­‐LIKE	  GENES	  	  
Genomic	  DNA	  extracted	  from	  leaves	  of	  the	  progeny	  seedlings	  was	  used	  as	  template	  for	  SFBB-­‐
like	   genes	   amplification,	   by	   PCR.	   The	   specific	   primers	   combinations	   for	   SFBB2,	   SFBB3,	   SFBB4,	  
SFBB6,	  SFBB7,	  SFBB8,	  SFBB9,	  SFBB10,	  SFBB11,	  SFBB12,	  SFBB13,	  SFBB14,	  SFBB16,	  SFBBX11MONO,	  
and	  SFBBN4	  genes	  are	  listed	  in	  Table	  6.	  
Each	   PCR	   reaction	   contained	   1μg	   of	   environmental	   genomic	   DNA	   template,	   10x	   Taq	   Buffer,	  
10x	   dNTP’s	   75μM,	   3mM	  of	  MgCl2,	   0,5μM	  of	   both	   forward	   and	   reverse	   primer,	   1U	   of	   Taq	  DNA	  
Polymerase	   (Thermo	  Scientific),	   and	  dH2O	  up	   to	  a	   total	   volume	  of	  10µL.	   Standard	  amplification	  
conditions	  were,	  a	  first	  denaturation	  cycle	  at	  96ºC	  for	  2min;	  35	  cycles	  of	  denaturation	  at	  95ºC	  for	  
30s,	   primer	   annealing	   for	   45s	   (specific	   annealing	   temperatures	   listed	   in	   Table	   6)	   and	   primer	  
extension	  at	  72ºC	  for	  2min;	  final	  primer	  extension	  at	  72ºC	  for	  5	  min.	  PCR	  products	  were	  run	  on	  
1,5%	   agarose	   gels	   in	   1x	   TAE	   buffer	   and	   the	   DNA	   bands	   were	   visualized	   by	   ethidium	   bromide	  
staining.	  	  
To	   establish	   linkage	  with	   the	   S-­‐RNase	  gene,	   the	   sequences	   of	  SFBB-­‐like	   genes	  were	   used	   to	  
develop	   S-­‐allele-­‐specific	   RFLP	   markers,	   using	   the	   restriction	   mapper	   tool	  
(http://www.restrictionmapper.org/).	  Although,	  as	  SFBB	  alleles	  have	  low	  levels	  of	  diversity,	  it	  was	  
often	  not	  possible	  to	  develop	  diagnostic	  markers	  for	  all	  observed	  SFBB	  alleles.	  The	  enzymes	  used	  
for	  each	  SFBB	  allele	  (S1-­‐,	  S2-­‐,	  S9	  and	  S24-­‐)	  and	  the	  respective	  RFLP	  diagnostic	  markers	  are	  listed	  in	  
Table	  7.	  Each	  restriction	  digestion	  used	  2μl	  of	  PCR	  product,	  1U	  of	  restriction	  enzyme,	  10x	  Buffer	  
and	  dH2O	  up	  to	  a	  total	  volume	  of	  5	  µL.	  After	  amplicons	  digestion,	  the	  resultant	  fragments	  were	  
resolved	  by	  electrophoresis,	  using	  2%	  agarose	  gels	   in	  1x	  SGTB	  buffer,	  and	   the	  DNA	  bands	  were	  
visualized	  by	  ethidium	  bromide	  staining.	  	  
	  
Table	  7.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  SFBB-­‐like	  genes	  in	  the	  
segregation	  experiment.	  RFLP	  diagnostic	  markers	  in	  bold	  an	  underlined.	  	  
	  
SFBB-­‐like	  gene	   Primers	   Restriction	  enzyme	   Haplotype	   Restriction	  pattern	  
SFBB2	   SFBB2F+SFBB2R	  
BclI	  
S1	   146	  +	  621	  
S2	   295	  +	  472	  
S9	   146	  +	  621	  
S24	   146	  +	  621	  
Tsp45I	  
S1	   62	  +	  705	  
S2	   321	  +	  446*	  
S9	   155	  +	  259	  +	  353*	  
S24	   62	  +	  705	  
AloI	  
S1	   Undigested	  product	  
S2	   Undigested	  product	  
S9	   Undigested	  product	  
S24	   32	  +	  273	  +	  462	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Table	  7.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  SFBB-­‐like	  genes	  in	  the	  
segregation	  experiment.	  RFLP	  diagnostic	  markers	  in	  bold	  an	  underlined	  (cont.).	  	  
	  
SFBB-­‐like	  gene	   Primers	   Restriction	  enzyme	   Haplotype	   Restriction	  pattern	  
SFBB3	   SFBB3F	  +	  SFBB3R	   DdeI	  
S1	   167	  +	  421	  
S2	   265	  +	  323	  
S9	   167	  +	  421	  
S24	   167	  +	  421	  
SFBB4	   SFBB4F+SFBBgenR	  
MseI	  
S1	   145	  +	  339	  
S2	   Undigested	  product	  
S9	   Undigested	  product	  
S24	   Undigested	  product	  
MnlI	  
S1	   5	  +	  20	  +	  45	  +	  118	  +	  124	  +	  171	  
S2	   5	  +	  20	  +	  28	  +	  45+	  90	  +	  124	  +	  171	  
S9	   5	  +	  45	  +	  118	  +	  144	  +	  171	  
S24	   5	  +	  20	  +	  45	  +	  118	  +	  124	  +	  171	  
PleI	  
S1	   Undigested	  product	  
S2	   Undigested	  product	  
S9	   Undigested	  product	  
S24	   212	  +	  272	  
SFBB6	   SFBB6F+SFBB6R	  
Ncol	  
S1	   256	  +	  279	  
S2	   Undigested	  product	  
S9	   Undigested	  product	  
S24	   Undigested	  product	  
AloI	  
S1	   Undigested	  product	  
S2	   32	  +	  192	  +	  311	  
S9	   Undigested	  product	  
S24	   Undigested	  product	  
DralI	  
S1	   Undigested	  product	  
S2	   Undigested	  product	  
S9	   Undigested	  product	  
S24	   115	  +	  420	  
SFBB7	   SFBB7F+SFBB7R	  
HphI	  
S1	   104	  +	  680	  
S2	   104	  +	  680	  
S9	   104	  +	  312	  +	  368	  
S24	   104	  +	  680	  
HpalI	  
S1	   695	  +	  89	  
S2	   695	  +	  89	  
S9	   695	  +	  89	  
S24	   Undigested	  product	  
SFBB8	   SFBB8F+SFBB8R	  
DdeI	  
S1	   18	  +	  58	  +	  122	  +	  699*	  
S2	   18	  +	  58	  +	  122	  +	  699**	  
S9	   18	  +	  58	  +	  821	  
S24	   18	  +	  58	  +	  821	  
Eco57I	  
S1	   365	  +	  532	  
S2	   99	  +	  365	  +	  433*	  
S9	   365	  +	  532	  
S24	   365	  +	  532	  
	   42	  
Table	  7.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  SFBB-­‐like	  genes	  in	  the	  
segregation	  experiment.	  RFLP	  diagnostic	  markers	  in	  bold	  an	  underlined	  (cont.).	  	  
	  
SFBB-­‐like	  gene	   Primers	   Restriction	  enzyme	   Haplotype	   Restriction	  pattern	  
SFBB8	   SFBB8F+SFBB8R	  
HpaII	  
S1	   343	  +	  554	  
S2	   343	  +	  554	  
S9	   93	  +	  250	  +	  554	  
S24	   343	  +	  554	  
ApoI	  
S1	   31	  +	  57	  +	  177	  +	  269	  +	  363	  
S2	   31	  +	  57	  +	  177	  +	  269	  +	  363	  
S9	   31	  +	  57	  +	  177	  +	  269	  +	  363	  
S24	   57	  +	  177	  +	  300	  +	  363	  
SFBB9	   SFBB9F+SFBB9R	  
MaeII	  
S1	   11	  +	  217	  +	  351	  
S2	   11	  +	  568	  
S9	   11	  +	  568	  
S24	   11	  +	  568	  
Sdul	  
S1	   86	  +	  493	  
S2	   86	  +	  118	  +	  375*	  
S9	   86	  +	  493	  
S24	   86	  +	  493	  
MboI	  
S1	   277	  +	  302	  
S2	   277	  +	  302	  
S9	   108	  +	  194	  +	  277*	  
S24	   277	  +	  302	  
AvaII	  
S1	   21	  +	  29	  +	  529	  
S2	   21	  +	  29	  +	  58	  +	  471	  
S9	   21	  +	  29	  +	  529	  
S24	   108	  +	  471	  
SFBB10	   SFBB10F+SFBB10R	  
MaeII	  
S1	   129	  +	  579	  
S2	   58	  +	  71	  +	  579	  
S9	   58	  +	  71	  +	  579	  
S24	   58	  +	  71	  +	  579	  
NcoI	  
S1	   Undigested	  product	  
S2	   252	  +	  456	  
S9	   Undigested	  product	  
S24	   Undigested	  product	  
TaqI	  
S1	   300	  +	  408	  
S2	   Undigested	  product	  
S9	   78	  +	  300	  +	  330*	  
S24	   300	  +	  408	  
SFBB11	   SFBBgenF+SFBB11R	  
ApoI	  
S1	   284	  +	  388	  
S2	   17	  +	  37	  +	  284	  +	  334	  
S9	   54	  +	  284	  +	  334	  
S24	   30	  +	  304	  +	  338*	  
TatI	  
S1	   80	  +	  252	  +	  340	  
S2	   80	  +	  110	  +	  230	  +	  252*	  
S9	   80	  +	  252	  +	  340	  
S24	   80	  +	  252	  +	  340	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  7.	  Restriction	  enzymes	  and	  correspondent	  RFLP	  diagnostic	  markers	  used	  to	  identify	  SFBB-­‐like	  genes	  in	  the	  
segregation	  experiment.	  RFLP	  diagnostic	  markers	  in	  bold	  an	  underlined	  (cont.).	  	  
	  
SFBB-­‐like	  gene	   Primers	   Restriction	  enzyme	   Haplotype	   Restriction	  pattern	  
SFBB11	   SFBBgenF+SFBB11R	   MmeI	  
S1	   115	  +	  557	  
S2	   115	  +	  557	  
S9	   115	  +	  211	  +	  346	  
S24	   115	  +	  557	  
SFBB12	   SFBB12F+SFBB12R	  
TaqI	  
S1	   50	  +	  269	  +	  355	  
S2	   269	  +	  405	  
S9	   269	  +	  405	  
S24	   269	  +	  405**	  
MmeI	  
S1	   Undigested	  product	  
S2	   253	  +	  421	  
S9	   Undigested	  product	  
S24	   Undigested	  product	  
HinfI	  
S1	   67	  +	  232	  +	  375	  
S2	   67	  +	  232	  +	  375	  
S9	   67	  +	  98	  +	  509*	  
S24	   67	  +	  232	  +	  375	  
NlaIII	  
S1	   112	  +	  127	  +	  435	  
S2	   112	  +	  127	  +	  435	  
S9	   112	  +	  127	  +	  435	  
S24	   127	  +	  112	  +	  190	  +	  245*	  
SFBB13	   SFBB13F+SFBBgenR	   RsaI	  
S1	   138	  +	  149	  +	  222	  
S2	   287	  +	  222	  
S9	   287	  +	  222	  
S24	   287	  +	  222	  
SFBB14	   SFBB14F+SFBB14R	  
MseI	  
S1	   62	  +	  165	  +	  262	  
S2	   62	  +	  165	  +	  262**	  
S9	   62	  +	  427	  
S24	   62	  +	  165	  +	  262**	  
MboI	  
S1	   52	  +	  437	  
S2	   52	  +	  437	  
S9	   52	  +	  91	  +	  168	  +	  178	  
S24	   119	  +	  318	  +	  52**	  
SFBB16	  
SFBB16F1+SFBB16R	   ApoI	  
S1	   21	  +	  57	  +	  114	  +	  195	  
S2	   21	  +	  57	  +	  114	  +	  195	  
S9	   46	  +	  142	  +	  199	  
S24	   21	  +	  114	  +	  252	  
SFBB16F2+SFBB16R	   EcoRI	  
S1	   114	  +	  187	  +	  195	  
S2	   187	  +	  309	  
S9	   127	  +	  369	  
S24	   Undigested	  product	  
	  
*The	   restriction	   pattern	   show	   other	   fragments	   considered	   exclusive	   from	   the	   SFBB	   allele	   being	   distinguished,	   although	   only	   the	  
fragments	   considered	   to	  be	  easily	  distinguishable	  were	   considered	  diagnostic	  markers.	  **The	   restriction	  pattern	  predicted	  was	  not	  
observed.	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4.2.	  RESULTS	  
	  
4.2.1.	  SEGREGATION	  ANALYSIS	  OF	  15	  SFBB-­‐LIKE	  GENES	  FOR	  THE	  GENES	  BELONGING	  TO	  THE	  S1-­‐,	  S2-­‐,	  S9-­‐	  
AND	  S24-­‐HAPLOTYPES	  
Linkage	   analyses	   were	   performed	   for	   SFBB2,	   SFBB3,	   SFBB4,	   SFBB6,	   SFBB7,	   SFBB8,	   SFBB9,	  
SFBB10,	   SFBB11,	   SFBB12,	   SFBB13,	   SFBB14,	   SFBB16,	   SFBBX11MONO	  and	   SFBBN4	   genes	   towards	  
four	  S-­‐RNase	  alleles	  (S1-­‐,	  S2-­‐,	  S9-­‐,	  S24-­‐),	  using	  37	  individuals	  of	  F1	  progeny	  from	  the	  cross	  of	  Fuji	  
(S1,	  S9)	  with	  Honeycrisp	  (S2,	  S24),	  previously	  S-­‐genotyped	  for	  the	  S-­‐RNase	  alleles	  (Table	  5).	  	  
	  
4.2.1.1.	  SFBB2	  GENE	  
For	  SFBB2,	  using	  SFBB2F	  forward	  specific	  primer	  in	  combination	  with	  SFBB2R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈767bp	   was	   observed	   in	   13	   individuals.	   Each	  
amplification	  product	  was	  digested	  with	  BclI	  (distinguish	  S2-­‐SFBB2),	  Tsp45I	  (distinguish	  S2-­‐SFBB2	  
and	   S9-­‐SFBB2)	   and	   AloI	   (distinguish	   S24-­‐SFBB2),	   in	   different	   tubes	   (Table	   7).	   As	   result,	   for	   S2-­‐
SFBB2,	   the	   presence	   of	   two	   fragments	   of	   ≈295bp	   and	   ≈472bp	   (BclI	   restriction	   enzyme),	   or	   one	  
fragment	  of	  ≈446bp	  (Tsp45I	  restriction	  enzyme),	  were	  observed	  in	  8	  individuals	  presenting	  the	  S2-­‐
RNase	   (Table	   8).	  Therefore,	   S2-­‐SFBB2	  allele	   is	   in	   linkage	  with	   the	   S2-­‐RNase.	   For	   S9-­‐SFBB2,	   was	  
observed	  a	  fragment	  of	  ≈353bp	  in	  7	   individuals	  presenting	  the	  S9-­‐RNase	  (Table	  8).	  So,	  S9-­‐SFBB2	  
allele	   is	   in	   linkage	  with	   the	   S9-­‐RNase.	   Lastly,	   for	   S24-­‐SFBB2,	   the	   presence	   of	   two	   fragments	   of	  
≈273bp	   and	   ≈462bp	   in	   5	   individuals	   having	   the	   S24-­‐RNase	   showed	   that	   S24-­‐SFBB2	   allele	   is	   in	  
linkage	  with	   the	  S24-­‐RNase	   (Table	  8).	   It	  was	  not	  possible	   to	   identify	  S1-­‐SFBB2	  allele	  because	  all	  
the	  restriction	  enzymes	  predicted	  to	  produce	  specific	  restriction	  patterns	  for	  this	  allele	  were	  not	  
commercially	  available	  in	  Portugal	  (AgsI;	  CviJI;	  HaeIV;	  Hin4I;	  Ppil	  and	  TsoI).	  Thus,	  for	  SFBB2	  gene,	  
due	   to	   time	   limitation	   not	   all	   the	   individuals	   had	   been	   characterized,	   although	   the	   incomplete	  
results	  reveal	   linkage	  between	  S2-­‐,	  S9-­‐	  and	  S24-­‐SFBB2	  and	  S2-­‐,	  S9-­‐	  and	  S24-­‐RNases,	  respectively	  
(Table	  8).	  
	  
4.2.1.2.	  SFBB3	  GENE	  
For	  SFBB3,	  using	  SFBB3F	  forward	  specific	  primer	  in	  combination	  with	  SFBB3R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈588bp	   was	   observed	   in	   all	   individuals.	   Each	  
amplification	   product	   was	   digested	   with	   DdeI	   (distinguish	   S2-­‐SFBB3)	   (Table	   7).	   As	   result,	   the	  
presence	  of	  two	  fragments	  of	  ≈265bp	  and	  ≈323bp	  showed	  linkage	  of	  S2-­‐SFBB3	  allele	  with	  the	  S2-­‐
RNase.	  These	  fragments	  where	  only	  observed	  in	  the	  21	  individuals	  presenting	  the	  S2-­‐RNase	  out	  of	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the	   37	   individuals	   analysed	   (Table	   8).	   It	   was	   not	   possible	   to	   identify	   S9-­‐SFBB3	   and	   S24-­‐SFBB3	  
alleles	   because	   none	   of	   the	   restriction	   enzymes	   obtained	   from	   sequence	   analysis	   showed	  
restriction	  patterns	  able	  to	  distinguish	  these	  alleles.	  Regarding	  S1-­‐SFBB3,	  the	  restriction	  enzyme	  
tested	   (NlaIII)	   and	   the	   only	   one	   predicted	   to	   distinguish	   this	   allele,	   revealed	   non-­‐detectable	  
restriction	   patterns	   differences	   Therefore,	   for	   SFBB3,	   only	   linkage	   with	   S2-­‐RNase	   has	   been	  
observed	  (Table	  8).	  	  
	  
	  4.2.1.3.	  SFBB4	  GENE	  
For	   SFBB4,	   using	   SFBB4F	   forward	   specific	   primer	   in	   combination	   with	   SFBBgenR	   reverse	  
general	   primer,	   the	   expected	   amplification	   product	   of	   ≈484bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	   was	   further	   digested	   with	   MseI	   (distinguish	   S1-­‐SFBB4),	   MnlI	  
(distinguish	  S9-­‐SFBB4)	  and	  PleI	  (distinguish	  S24-­‐SFBB4),	  in	  different	  tubes	  (Table	  7).	  As	  result,	  for	  
S1-­‐SFBB4,	  the	  presence	  of	  two	  fragments	  of	  ≈145bp	  and	  ≈339bp	  in	  the	  17	  individuals	  presenting	  
the	  S1-­‐RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S1-­‐RNase	  (Table	  8).	  For	  S9-­‐SFBB4,	  was	  
observed	  a	  fragment	  of	  ≈144bp	  in	  the	  20	  individuals	  having	  the	  S9-­‐RNase	  (Table	  8).	  Therefore	  S9-­‐
SFBB4	  allele	  is	  in	  linkage	  with	  the	  S9-­‐RNase.	  Lastly,	  for	  S24-­‐SFBB4,	  the	  presence	  of	  two	  fragments	  
of	   ≈212bp	   and	   ≈272bp	   in	   the	   16	   individuals	   presenting	   the	   S24-­‐RNase,	   showed	   linkage	   of	   this	  
SFBB	   allele	   with	   the	   S24-­‐RNase	   (Table	   8).	   It	   was	   not	   possible	   to	   identify	   the	   S2-­‐SFBB4	   allele	  
because	  the	  two	  restriction	  enzymes	  tested	  (DdeI	  and	  MboI)	  revealed	  non-­‐detectable	  restriction	  
patterns	  differences.	  Although,	  according	  to	  the	  sequence	  analysis	  performed,	  BsrI	  remains	  to	  be	  
tested.	  Thus,	  for	  SFBB4,	  linkage	  was	  established	  between	  S1-­‐,	  S9-­‐	  and	  S24-­‐SFBB2	  and	  S1-­‐,	  S9-­‐	  and	  
S24-­‐RNases,	  respectively	  (Table	  8).	  
	  
4.2.1.4.	  SFBB6	  GENE	  
For	  SFBB6,	  using	  SFBB6F	  forward	  specific	  primer	  in	  combination	  with	  SFBB6R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈535bp	   was	   observed	   in	   all	   individuals.	   Each	  
amplification	  product	  was	  further	  digested	  with	  NcoI	  (distinguish	  S1-­‐SFBB6),	  AloI	  (distinguish	  S2-­‐
SFBB6)	  and	  DralI	  (distinguish	  S24-­‐SFBB6),	  in	  different	  tubes	  (Table	  7).	  As	  result,	  for	  S1-­‐SFBB6,	  the	  
presence	  of	  two	  fragments	  of	  ≈256p	  and	  ≈279bp	   in	  the	  17	   individuals	  presenting	  the	  S1-­‐RNase,	  
showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S1-­‐RNase	  (Table	  8).	  For	  S2-­‐SFBB6,	  the	  presence	  of	  two	  
fragments	  of	  ≈192bp	  and	  ≈311bp	  in	  the	  21	  individuals	  presenting	  the	  S2-­‐RNase,	  showed	  linkage	  
of	   this	   SFBB	   allele	   with	   the	   S2-­‐RNase	   (Table	   8).	   Lastly,	   for	   S24-­‐SFBB6,	   the	   presence	   of	   two	  
fragments	  of	  ≈115bp	  and	  ≈420bp	  was	  observed	  in	  the	  16	  individuals	  having	  the	  S24-­‐RNase	  (Table	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8).	  Therefore,	  S24-­‐SFBB6	  allele	  is	  in	  linkage	  with	  the	  S24-­‐RNase.	  It	  was	  not	  possible	  to	  identify	  the	  
S9-­‐SFBB6	   allele	   because	   none	   of	   the	   restriction	   enzymes	   obtained	   from	   sequence	   analysis,	  
showed	  restriction	  patterns	  able	  to	  distinguish	  this	  allele.	  So,	  for	  SFBB6,	   linkage	  was	  established	  
between	  S1-­‐,	  S2-­‐	  and	  S24-­‐SFBB6	  and	  S1-­‐,	  S2-­‐	  and	  S24-­‐RNases,	  respectively	  (Table	  8).	  
	  
4.2.1.5.	  SFBB7	  GENE	  
For	  SFBB7,	  using	  SFBB7F	  forward	  specific	  primer	  in	  combination	  with	  SFBB7R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈784bp	   was	   observed	   in	   all	   individuals.	   Each	  
amplification	  product	  was	  further	  digested	  with	  HphI	  (distinguish	  S9-­‐SFBB7)	  and	  HpalI	  (distinguish	  
S24-­‐SFBB7),	  in	  different	  tubes	  (Table	  7).	  As	  result,	  for	  S9-­‐SFBB7,	  the	  presence	  of	  two	  fragments	  of	  
≈312bp	  and	  ≈368bp	   in	   the	  20	   individuals	  presenting	   the	  S9-­‐RNase,	  showed	   linkage	  of	   this	  SFBB	  
allele	   with	   the	   S9-­‐RNase	   (Table	   8).	   For	   S24-­‐SFBB7,	   the	   presence	   of	   non-­‐digested	   amplification	  
product	  was	   observed	   in	   the	   16	   individuals	   presenting	   the	   S24-­‐RNase	   (Table	   8).	  Consequently,	  
S24-­‐SFBB7	  allele	  is	  in	  linkage	  with	  the	  S24-­‐RNase.	  It	  was	  not	  possible	  to	  identify	  S1-­‐SFBB7	  and	  S2-­‐
SFBB7	  alleles	  because	  the	  restriction	  enzymes	  tested,	  and	  the	  only	  ones	  predicted	  to	  distinguish	  
these	   alleles,	   showed	  non-­‐detectable	   restriction	  patterns	  differences.	   Specifically,	   for	  S1-­‐SFBB7,	  
BccI	  and	  HinfI	  (also	  predicted	  to	  distinguish	  S2-­‐SFBB7)	  were	  tested,	  whereas	  for	  S2-­‐SFBB7,	  BseMII,	  
MseI,	  MboI	  and	  PleI	  were	  tested.	  Hence,	  for	  SFBB7,	  linkage	  was	  only	  established	  between	  S9-­‐	  and	  
S24-­‐SFBB7	   and	   S9-­‐	   and	   S24-­‐RNase,	   respectively	   (Table	   8).	   Nevertheless,	   to	   be	   confident	   about	  
S24-­‐SFBB7	  linkage	  with	  the	  S24-­‐RNase,	  a	  different	  restriction	  enzyme,	  such	  as	  EcoRII,	  needs	  to	  be	  
used	  since	  the	  undigested	  product	  is	  not	  a	  reliable	  result.	  	  
	  
4.2.1.6.	  SFBB8	  GENE	  
For	  SFBB8,	  using	  SFBB8F	  forward	  specific	  primer	  in	  combination	  with	  SFBB8R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈897bp	   was	   observed	   in	   all	   individuals.	   Each	  
amplification	  product	  was	   further	  digested	  with	  DdeI	   (distinguish	  S1-­‐SFBB8),	  Eco57I	   (distinguish	  
S2-­‐SFBB8),	  HpalI	  (distinguish	  S9-­‐SFBB8)	  and	  ApoI	  (distinguish	  S24-­‐SFBB8),	  in	  different	  tubes	  (Table	  
7).	   As	   result,	   for	   S1-­‐SFBB8,	   the	   presence	   of	   one	   fragment	   of	   ≈122bp	   in	   the	   17	   individuals	  
presenting	  the	  S1-­‐RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S1-­‐RNase	  (Table	  8).	  For	  S2-­‐
SFBB8,	   the	   presence	   of	   one	   fragment	   of	   ≈433bp	   in	   the	   21	   individuals	   having	   the	   S2-­‐RNase,	  
showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S2-­‐RNase	  (Table	  8).	  For	  S9-­‐SFBB8,	  the	  presence	  of	  two	  
fragments	  of	  ≈93bp	  and	  ≈250bp	  in	  the	  20	  individuals	  presenting	  the	  S9-­‐RNase,	  showed	  linkage	  of	  
this	  SFBB	  allele	  with	  the	  S9-­‐RNase	  (Table	  8).	  Lastly,	  for	  S24-­‐SFBB8,	  the	  presence	  of	  one	  fragment	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of	  ≈300bp	  was	  observed	  in	  the	  16	  individuals	  presenting	  the	  S24-­‐RNase	  among	  the	  37	  individuals	  
tested	  (Table	  8).	  Thus,	  S24-­‐SFBB8	  is	  in	  linkage	  with	  the	  S24-­‐RNase.	  Accordingly,	  for	  SFBB8,	  linkage	  
was	  established	  between	  S1-­‐,	  S2-­‐,	  S9-­‐	  and	  S24-­‐SFBB8	  and	  S1-­‐,	  S2-­‐,	  S9-­‐	  and	  S24-­‐RNase,	  respectively	  
(Table	  8).	  	  
	  
4.2.1.7.	  SFBB9	  GENE	  
For	  SFBB9,	  using	  SFBB9F	  forward	  specific	  primer	  in	  combination	  with	  SFBB9R	  reverse	  specific	  
primer,	   the	   expected	   amplification	   product	   of	   ≈579bp	   was	   observed	   in	   all	   individuals.	   Each	  
amplification	   product	  was	   further	   digested	  with,	  MaeII	   (distinguish	   S1-­‐SFBB9),	   SduI	   (distinguish	  
S2-­‐SFBB9),	  MboI	  (distinguish	  S9-­‐SFBB9)	  and	  AvalI	  (distinguish	  S24-­‐SFBB9),	  in	  different	  tubes	  (Table	  
7).	   As	   result,	   for	   S1-­‐SFBB9,	   the	   presence	   of	   two	   fragments	   of	   ≈217bp	   and	   ≈351bp	   in	   the	   17	  
individuals	  presenting	  the	  S1-­‐RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S1-­‐RNase	  (Table	  
8).	  For	  S2-­‐SFBB9,	   the	   presence	  of	   one	   fragment	   of	   ≈375bp	   in	   the	   21	   individuals	   having	   the	  S2-­‐
RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S2-­‐RNase	  (Table	  8).	  For	  S9-­‐SFBB9,	  the	  presence	  
of	  one	  fragment	  of	  ≈194bp	  in	  the	  20	  individuals	  presenting	  the	  S9-­‐RNase,	  showed	  linkage	  of	  this	  
SFBB	  allele	  with	  the	  S9-­‐RNase	  (Table	  8).	  Finally,	  for	  S24-­‐SFBB9,	  the	  presence	  of	  one	  fragment	  of	  
≈108bp	   observed	   in	   the	   16	   individuals	   presenting	   the	   S24-­‐RNase,	   showed	   linkage	   of	   this	   SFBB	  
allele	  with	  the	  S24-­‐RNase	  (Table	  8).	  So,	  for	  SFBB9,	   linkage	  was	  established	  between	  S1-­‐,	  S2-­‐,	  S9-­‐	  
and	  S24-­‐SFBB9	  and	  S1-­‐,	  S2-­‐,	  S9-­‐	  and	  S24-­‐RNase,	  respectively	  (Table	  8).	  	  
	  
4.2.1.8.	  SFBB10	  GENE	  
For	   SFBB10,	   using	   SFBB10F	   forward	   specific	   primer	   in	   combination	   with	   SFBB10R	   reverse	  
specific	   primer,	   the	   expected	   amplification	   product	   of	   ≈708bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	   was	   further	   digested	   with	   MaeII	   (distinguish	   S1-­‐SFBB10),	   NcoI	  
(distinguish	  S2-­‐SFBB10)	   and	  TaqI	   (distinguish	  S9-­‐SFBB10),	   in	  different	   tubes	   (Table	  7).	  As	   result,	  
for	  S1-­‐SFBB10,	   the	  presence	  of	  one	  fragment	  of	  ≈129bp	  in	  the	  17	   individuals	  presenting	  the	  S1-­‐
RNase,	   showed	   linkage	   of	   this	   SFBB	   allele	   with	   the	   S1-­‐RNase	   (Table	   8).	   For	   S2-­‐SFBB10,	   the	  
presence	  of	  two	  fragments	  of	  ≈252bp	  and	  ≈456bp	  in	  the	  21	  individuals	  presenting	  the	  S2-­‐RNase,	  
showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S2-­‐RNase	  (Table	  8).	  Lastly,	  for	  S9-­‐SFBB10,	  the	  presence	  
of	  one	  fragment	  of	  ≈78bp	  was	  observed	  in	  the	  20	  individuals	  presenting	  the	  S9-­‐RNase	  (Table	  8).	  
So,	  S9-­‐SFBB10	  allele	  is	  in	  linkage	  with	  the	  S9-­‐RNase.	  It	  was	  not	  possible	  to	  identify	  the	  S24-­‐SFBB10	  
allele	  because	  the	  restriction	  enzyme	  tested	  (LguI)	  and	  the	  only	  one	  predicted	  to	  distinguish	  this	  
allele,	   showed	   non-­‐detectable	   restriction	   patterns	   differences.	   Thus,	   for	   SFBB10,	   linkage	   was	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established	  between	  S1-­‐,	  S2-­‐	  and	  S9-­‐SFBB10	  and	  S1-­‐,	  S2-­‐	  and	  S9-­‐RNases,	  respectively	  (Table	  8).	  
	  
4.2.1.9.	  SFBB11	  GENE	  
For	   SFBB11,	   using	   SFBBgenF	   forward	   general	   primer	   in	   combination	   with	   SFBB11R	   reverse	  
specific	   primer,	   the	   expected	   amplification	   product	   of	   ≈672bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	   was	   further	   digested	   with	   ApoI	   (distinguish	   S1-­‐SFBB11),	   TatI	  
(distinguish	   S2-­‐SFBB11),	   MmeI	   (distinguish	   S9-­‐SFBB11)	   and	   ApoI	   (distinguish	   S24-­‐SFBB11),	   in	  
different	  tubes	  (Table	  7).	  As	  result,	  for	  S1-­‐SFBB11,	  the	  presence	  of	  one	  fragment	  of	  ≈388bp	  in	  the	  
17	   individuals	   presenting	   the	   S1-­‐RNase,	   showed	   linkage	   of	   this	   SFBB	   allele	   with	   the	   S1-­‐RNase	  
(Table	  8).	  For	  S2-­‐SFBB11,	  the	  presence	  of	  one	  fragment	  of	  ≈282bp	  in	  the	  21	  individuals	  presenting	  
the	  S2-­‐RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S2-­‐RNase	  (Table	  8).	  For	  S9-­‐SFBB11,	  the	  
presence	  of	  two	  fragments	  of	  ≈211bp	  and	  ≈346bp	  in	  the	  20	  individuals	  presenting	  the	  S9-­‐RNase,	  
showed	   linkage	   of	   this	   SFBB	   allele	   with	   the	   S9-­‐RNase	   (Table	   8).	   Finally,	   for	   S24-­‐SFBB11,	   the	  
presence	  of	  one	  fragment	  of	  ≈300bp	  was	  observed	  in	  the	  16	  individuals	  presenting	  the	  S24-­‐RNase	  
(Table	  8).	  So,	  S24-­‐SFBB11	  allele	   is	   in	   linkage	  with	   the	  S24-­‐RNase.	  Therefore,	   for	  SFBB11,	   linkage	  
was	   established	   between	   S1-­‐,	   S2-­‐,	   S9-­‐	   and	   S24-­‐SFBB11	   and	   S1-­‐,	   S2-­‐,	   S9-­‐	   and	   S24-­‐RNase,	  
respectively	  (Table	  8).	  	  
	  
4.2.1.10.	  SFBB12	  GENE	  
For	   SFBB12,	   using	   SFBB12F	   forward	   specific	   primer	   in	   combination	   with	   SFBB12R	   reverse	  
specific	   primer,	   the	   expected	   amplification	   product	   of	   ≈674bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	   was	   further	   digested	   with	   TaqI	   (distinguish	   S1-­‐SFBB12),	   MmeI	  
(distinguish	   S2-­‐SFBB12),	   HinfI	   (distinguish	   S9-­‐SFBB12)	   and	   NlaIII	   (distinguish	   S24-­‐SFBB12),	   in	  
different	  tubes	  (Table	  7).	  As	  result,	  for	  S1-­‐SFBB12,	  the	  presence	  of	  one	  fragment	  of	  ≈355bp	  in	  the	  
17	   individuals	   presenting	   the	   S1-­‐RNase,	   showed	   linkage	   of	   this	   SFBB	   allele	   with	   the	   S1-­‐RNase	  
(Table	   8).	   For	   S2-­‐SFBB12,	   the	   presence	   of	   two	   fragments	   of	   ≈253bp	   and	   ≈421bp	   in	   the	   21	  
individuals	  presenting	  the	  S2-­‐RNase,	  showed	  linkage	  of	  this	  SFBB	  allele	  with	  the	  S2-­‐RNase	  (Table	  
8).	  For	  S9-­‐SFBB12,	   the	  presence	  of	  one	  fragment	  of	  ≈509bp	  in	  the	  20	   individuals	  presenting	  the	  
S9-­‐RNase,	   showed	   linkage	  of	   this	  SFBB	  allele	  with	  the	  S9-­‐RNase	   (Table	  8).	   Lastly,	   for	  S24-­‐SFBB8,	  
the	  presence	  of	  one	  fragment	  of	  ≈190bp	  in	  the	  16	  individuals	  presenting	  the	  S24-­‐RNase,	  showed	  
linkage	   of	   this	   SFBB	   allele	   with	   the	   S24-­‐RNase	   (Table	   8).	   Like	   this,	   for	   SFBB12,	   linkage	   was	  
established	  between	  S1-­‐,	  S2-­‐,	  S9-­‐	   and	  S24-­‐SFBB12	   and	  S1-­‐,	  S2-­‐,	   S9-­‐	  and	  S24-­‐RNase,	   respectively	  
(Table	  8).	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4.2.1.11.	  SFBB13	  GENE	  
For	   SFBB13,	   using	   SFBB13F	   forward	   specific	   primer	   in	   combination	   with	   SFBBgenR	   reverse	  
general	   primer,	   the	   expected	   amplification	   product	   of	   ≈508bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	  was	   further	   digested	  with	  RsaI	   (distinguish	  S1-­‐SFBB13)	   (Table	   7).	   As	  
result,	   the	   presence	   of	   two	   fragments,	   both	  with	   about	   ≈130bp,	   showed	   linkage	   of	   S1-­‐SFBB13	  
allele	  with	  the	  S1-­‐RNase.	  These	  fragments	  where	  only	  observed	   in	  the	  17	   individuals	  presenting	  
the	   S1-­‐RNase	   (Table	   8).	   It	   was	   not	   possible	   to	   identify	   S2-­‐SFBB13,	   S9-­‐SFB1B3	   and	   S24-­‐SFBB13	  
alleles	  due	  to	  time	  limitation.	  According	  to	  the	  sequence	  analysis	  performed,	  for	  instance,	  Eco57I	  
(predicted	   to	   distinguish	   S2-­‐SFBB13),	   AciI	   (predicted	   to	   distinguish	   S9-­‐SFBB13)	   and	   Tsp55I	  
(predicted	   to	   distinguish	   S24-­‐SFBB13),	   remain	   to	   be	   tested.	   Therefore,	   for	  SFBB13,	  only	   linkage	  
with	  S2-­‐RNase	  has	  been	  observed	  (Table	  8).	  	  
	  
4.2.1.12.	  SFBB14	  GENE	  
For	   SFBB14,	   using	   SFBB14F	   forward	   specific	   primer	   in	   combination	   with	   SFBB14R	   reverse	  
specific	   primer,	   the	   expected	   amplification	   product	   of	   ≈489bp	   was	   observed	   in	   all	   individuals.	  
Each	   amplification	   product	   was	   further	   digested	   with	  MseI	   (distinguish	   S1-­‐SFBB14)	   and	  MboI	  
(distinguish	  S9-­‐SFBB14),	  in	  different	  tubes	  (Table	  7).	  As	  result,	  for	  S1-­‐SFBB14,	  the	  presence	  of	  two	  
fragments	  of	  ≈165bp	  and	  ≈262bp	  in	  the	  17	  individuals	  presenting	  the	  S1-­‐RNase	  showed	  linkage	  of	  
this	   SFBB	  allele	  with	   the	   S1-­‐RNase	   (Table	   8).	   For	   S9-­‐SFBB14,	   the	   presence	   of	   two	   fragments	   of	  
≈168bp	  and	  ≈178bp	   in	   the	   20	   individuals	   presenting	   the	  S9-­‐RNase	   showed	   linkage	  of	   this	  SFBB	  
allele	  with	  the	  S9-­‐RNase	  (Table	  8).	  It	  was	  not	  possible	  to	  identify	  the	  S2-­‐SFBB14	  and	  S24-­‐SFBB14	  
alleles	   using	   restriction	   enzymes.	   Specifically,	   for	   S2-­‐SFBB14,	   none	   of	   the	   restriction	   enzymes	  
obtained	   from	   sequence	   analysis	   showed	   restriction	   patterns	   able	   to	   distinguish	   this	   allele;	  
whereas	  for	  S24-­‐SFBB14,	  the	  restriction	  enzymes	  predicted	  to	  create	  specific	  restriction	  patterns	  
for	  this	  allele	  (MwoI	  and	  MboI)	  did	  not	  revealed	  the	  expected	  results.	  Consequently,	  for	  SFBB14,	  
linkage	  was	  established	  between	  S1-­‐	  and	  S9-­‐SFBB14	  and	  S1-­‐	  and	  S9-­‐RNase,	  respectively	  (Table	  8).	  	  
	  
4.2.1.13.	  SFBB16	  GENE	  
For	   SFBB16,	   using	   SFBB16F1	   forward	   specific	   primer	   in	   combination	   with	   SFBB16R	   reverse	  
specific	   primer,	   the	   expected	   amplification	   product	   of	   ≈387bp	   was	   observed	   in	   all	   individuals.	  
Each	  amplification	  product	  was	  further	  digested	  with	  ApoI	  (distinguish	  S24-­‐SFBB16)	  (Table	  7).	  As	  
result,	  for	  S24-­‐SFBB16,	  the	  presence	  of	  one	  fragment	  of	  ≈252bp	  in	  the	  16	  individuals	  presenting	  
the	   S24-­‐RNase	   showed	   linkage	   of	   this	   SFBB	   allele	  with	   the	   S24-­‐RNase	   (Table	   8).	   Subsequently,	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since	   the	   PCR	   product	   obtained	   was	   too	   small,	   new	   primers	   combination	   was	   used	   to	   find	  
additional	  specific	  restriction	  patterns.	  The	  expected	  amplification	  product	  of	  ≈496bp,	  using	  new	  
forward	   specific	   primer	   (SFBB16F2)	   in	   combination	   with	   the	   same	   reverse	   specific	   primer	  
(SFBB16R),	  was	  also	  observed	   in	  all	   individuals.	  Each	  amplification	  product	  was	   further	  digested	  
with	  EcoRI	  (distinguish	  S1-­‐SFBB16	  and	  S2-­‐SFBB16).	  As	  result,	  for	  S1-­‐SFBB16,	  the	  presence	  of	  one	  
fragment	  with	  ≈114bp	  in	  the	  17	  individuals	  presenting	  the	  S1-­‐RNase	  showed	  linkage	  of	  this	  SFBB	  
allele	  with	  the	  S1-­‐RNase	  (Table	  8).	  For	  S2-­‐SFBB16,	  the	  presence	  of	  one	  fragment	  of	  ≈309bp	  in	  the	  
21	   individuals	   presenting	   the	   S2-­‐RNase	   showed	   linkage	   of	   this	   SFBB	   allele	   with	   the	   S2-­‐RNase	  
(Table	   8).	   The	   S9-­‐SFBB16	   allele	   was	   not	   studied	   because,	   at	   the	   time	   linkage	   analysis	   was	  
performed,	  the	  sequence	  of	  this	  allele	  had	  not	  yet	  been	  found	  by	  transcriptome	  analysis	  and	  PCR-­‐
based	   approach.	   Accordingly,	   for	   SFBB16,	   linkage	   was	   established	   between	   S1-­‐,	   S2-­‐	   and	   S24-­‐
SFBB16	  and	  S1-­‐,	  S2-­‐	  and	  S24-­‐RNase,	  respectively	  (Table	  8).	  	  
	  
4.2.1.15.	  SFBBX11MONO	  GENE	  
For	   SFBBX11MONO,	   using	   SFBBx11F	   forward	   specific	   primer	   in	   combination	   with	   SFBBgenR	  
reverse	   general	   primer,	   the	   expected	   amplification	   product	   of	   ≈837bp	   was	   observed	   in	   all	  
individuals.	  Each	  amplification	  product	  was	   further	  digested	  with	  NlaIII	   (predicted	  to	  distinguish	  
S2-­‐SFBBX11MONO	  and	  S24-­‐SFBBX11MONO),	  FokI	  (predicted	  to	  distinguish	  S1-­‐SFBBX11MONO	  and	  
S9-­‐SFBBX11MONO),	   MboI	   (predicted	   to	   distinguish	   S9-­‐SFBBX11MONO),	   HpaII	   (predicted	   to	  
distinguish	  S1-­‐SFBBX11MONO)	  and	  AluI	  (predicted	  to	  distinguish	  S1-­‐SFBBX11MONO),	  in	  different	  
tubes.	   Although	   none	   of	   the	   restriction	   enzymes	   tested	   revealed	   distinguishable	   restriction	  
patterns	   for	   the	   SFBBX11MONO	   alleles.	   Thus,	   for	   SFBBX11MONO,	  no	   linkage	  with	   S-­‐RNase	   has	  
been	  observed.	  	  
	  
4.2.1.15.	  SFBBN4	  GENE	  
Lastly,	   for	   SFBBN4,	   sequence	   analysis	   has	   not	   revealed	   any	   potential	   restriction	   enzyme	   to	  
distinguish	  any	  of	  the	  SFBB	  alleles	  studied.	  Thus,	  linkage	  with	  S-­‐RNase	  could	  not	  be	  tested.	  	  
	  
4.2.2.	  CONCLUSION	  
In	  conclusion,	  for	  SFBB2,	  SFBB3,	  SFBB4,	  SFBB6,	  SFBB7,	  SFBB8,	  SFBB9,	  SFBB10,	  SFBB11,	  SFBB12,	  
SFBB13,	  SFBB14	  and	  SFBB16	  genes,	  linkage	  with	  at	  least	  one	  S-­‐RNase	  allele	  was	  established	  (Table	  
8).	   Thus,	   these	   sequences	   are	   considered	   to	   be	   located	   at	   the	   S-­‐locus	   region	   of	  M.	   domestica	  
species.	  No	  linkage	  has	  been	  determined	  for	  SFBBX11MONO	  and	  SFBBN4	  genes.	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Table	  8.	  Segregation	  analyses	  of	  37	  individuals	  obtained	  from	  cross-­‐pollination	  between	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  S24).	  	  
Patterns	  are	  encoded	  as	  follows:	  
	  
Ind.	   S-­‐genotype	  
SFBB2	   SFBB3	   SFBB4	   SFBB6	   SFBB7	   SFBB8	   SFBB9	  
S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	  
2	   (S1,	  S2)	  
	  
X	   	   	  
	  
X	  
	   	  
X	  
	  
	   	   X	   X	  
	  
	  
	   	  
	   	   X	   X	   	   	   X	   X	   	   	  
3	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
5	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
6	   (S1,	  S24)	   	   	   X	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
7	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
8	   (S9,	  S24)	   	   X	   X	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
9	   (S1,	  S2)	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
10	   (S1,	  S24)	   	   	   X	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
12	   (S1,	  S24)	   	   	   X	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
13	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
14	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
15	   (S1,	  S24)	   	   	   X	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
16	   (S2,	  S9)	   X	   X	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
18	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
19	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
20	   (S1,	  S24)	   	   	   	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
23	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
26	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
27	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
28	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
31	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
32	   (S1,	  S24)	   	   	   	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
33	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
34	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
35	   (S1,	  S24)	   	   	   	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
36	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
37	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
39	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
40	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
45	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
48	   (S2,	  S9)	   	   	   	   X	   	   X	   	   	   X	   	   X	   	   	   X	   X	   	   	   X	   X	   	  
49	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
50	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
51	   (S1,	  S24)	   	   	   	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
52	   (S1,	  S24)	   	   	   	   	   X	   	   X	   X	   	   X	   	   X	   X	   	   	   X	   X	   	   	   X	  
53	   (S1,	  S2)	   	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   X	   	   	   X	   X	   	   	  
54	   (S9,	  S24)	   	   	   	   	   	   X	   X	   	   	   X	   X	   X	   	   	   X	   X	   	   	   X	   X	  
	  
	  
Restriction	  enzymes	  do	  not	  distinguish	  the	  allele	  
	  
Restriction	  enzymes	  tested	  without	  successful	  results	   	   Allele	  not	  study	   	   Individual	  not	  analysed	   X	   Linkage	  	   [Ind]	  =	  Individual	  Code	  
	   52	  
Table	  8.	  Segregation	  analyses	  of	  37	  individuals	  obtained	  from	  cross-­‐pollination	  between	  Fuji	  (S1,	  S9)	  and	  Honeycrisp	  (S2,	  S24)	  (Cont.).	  
Patterns	  are	  encoded	  as	  follows:	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Restriction	  enzymes	  do	  not	  distinguish	  the	  allele	  
	  
Restriction	  enzymes	  tested	  without	  successful	  results	   	   Allele	  not	  study	   	   Individual	  not	  analysed	   X	   Linkage	  	   [Ind]	  =	  Individual	  Code	  
Ind.	   S-­‐genotype	  
SFBB10	   SFBB11	   SFBB12	   SFBB13	   SFBB14	   SFBB16	  
S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	   S1	   S2	   S9	   S24	  
2	   (S1,	  S2)	   X	   X	   	  
	  
X	   X	   	   	   X	   X	   	   	   X	  
	   	  
	   X	  
	  
	  
	  
	  
X	   	  
	  
	  
3	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
5	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
6	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
7	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
8	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
9	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
10	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
12	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
13	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
14	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
15	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
16	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
18	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
19	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
20	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
23	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
26	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
27	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
28	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
31	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
32	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
33	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
34	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
35	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
36	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
37	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
39	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
40	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
45	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
48	   (S2,	  S9)	   	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   	   X	   	   X	   	  
49	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
50	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
51	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
52	   (S1,	  S24)	   X	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   X	   	   X	   	   X	  
53	   (S1,	  S2)	   X	   X	   	   X	   X	   	   	   X	   X	   	   	   X	   	   	   	   X	   	   X	   	   	  
54	   (S9,	  S24)	   	   	   X	   	   	   X	   X	   	   	   X	   X	   	   	   	   	   	   X	   	   X	   X	  
	   53	  
5.	  DISCUSSION	  AND	  CONCLUSIONS	  
	  
5.1.	  UNVEILING	  POLLEN	  S-­‐DETERMINANTS	  IDENTITY:	  THE	  DIVERGED	  ALLELES	  AS	  S-­‐POLLEN	  
SPECIFICITY	  DETERMINANTS	  
S-­‐RNase-­‐based	  GSI	  is	  likely	  the	  most	  widespread	  SI	  mechanism	  operating	  among	  angiosperms.	  
For	  the	  last	  25	  years	  it	  has	  been	  intensively	  studied,	  which	  allowed	  the	  molecular	  characterization	  
of	   the	  S-­‐locus	   region	   in	  species	  of	   the	  Solanaceae,	  Plantaginaceae,	  Rubiaceae	  and	  Rosaceae	  (for	  
further	  details,	  see	  sections	  of	  1.	  An	  introduction	  to	  self-­‐incompatibility	  system	  in	  plants).	  While	  
the	  pistil	  S-­‐determinant	  is	  well	  characterized	  in	  species	  of	  these	  families,	  it	  has	  been	  challenging	  
to	   unveil	   the	   identity	   of	   the	   pollen	   S-­‐determinants	   (Franklin-­‐Tong	   and	   Franklin,	   2003;	  McClure,	  
2006;	  Roalson	  and	  McCubbin,	  2003;	   Sims,	  2007).	   Thus,	   aiming	   to	   identify	   the	  actual	  number	  of	  
pollen	   S-­‐genes	   within	   the	   S-­‐locus	   region,	   similar	   to	   the	   work	   here	   presented	   in	  M.	   domestica	  
species,	   a	   combination	   of	   sequencing	   and	   PCR	   techniques	   are	   being	   conducted	   in	   Solanaceae	  
species	  exhibiting	  S-­‐RNase-­‐based	  GSI	  (	  Kubo	  et	  al.,	  2010;	  2015;	  Williams	  et	  al.,	  2014).	  Although	  we	  
are	   in	   the	   post-­‐genomic	   era,	   where	   plant	   genomes	   are	   available	   for	   several	   SI	   species	   of	  
Rosaceae,	  such	  as	  M.	  domestica	   (Velasco	  et	  al.,	  2010),	   the	  S-­‐locus	   region	   is	  challenging	   for	  next	  
generation	  sequencing	  (NGS)	  methods	  and	  for	  the	  earlier	  shotgun	  sequencing	  method	  because	  of	  
its	   highly	   repetitive	   nature	   that	   creates	  mostly	   assembly	   errors.	   As	   result,	  most	  S-­‐locus	   regions	  
sequenced	   are	   represented	   by	   “drafts”	   that,	   although	   suitable	   for	   comparative	   evolutionary	  
studies,	  such	  as	  the	  one	  performed	  by	  Aguiar	  et	  al.,	  (2015),	  do	  not	  allow	  to	  distinguish	  genes	  from	  
pseudogenes,	  different	  alleles	  and	  even	  paralogues	  (Claros	  et	  al.,	  2012;	  Hamilton	  and	  Robin	  Buell,	  
2012;	  Mardis,	  2008).	  For	  instance,	  in	  M.	  domestica	  genome	  there	  are	  only	  seven	  SFBB	  sequences	  
located	   in	   chromosome	   17	   (the	   region	   where	   the	   S-­‐locus	   is	   located)	   and	   five	   of	   them	   are	  
annotated	   as	   pseudogenes	   (Aguiar	   et	   al.,	   2015).	   Moreover,	   for	   the	   M.	   domestica	   cultivar	  
sequenced,	   namely	   Golden	   delicious	   (S2,	   S3)	   (Velasco	   et	   al.,	   2010),	   only	   13	   SFBB	   genes	   were	  
reported	   from	   the	   sequencing	   analysis	   of	   BAC	   contigs	   (Minamikawa	   et	   al.,	   2010),	   while	   in	   this	  
work,	  18	  SFBB-­‐like	  genes	  were	   identified	  for	  the	  S3-­‐haplotype.	  Also,	  since	  BAC	  libraries	  are	  very	  
expansive	  to	  obtain,	  in	  M.	  domestica	  there	  is	  only	  one	  BAC	  library	  available	  for	  the	  Florina	  (S3,	  S9)	  
cultivar	  (Vinatzer	  et	  al.,	  1998)	  to	  identify	  SFBB	  candidates.	  In	  fact,	  the	  search	  for	  SFBB	  candidates	  
can	  also	  be	  responsible	  for	  the	  misrepresentation	  of	  SFBB	  genes,	  once	  it	  is,	  usually,	  performed	  by	  
PCR	   amplification	   from	   genomic	   DNA	   of	   different	   cultivars	   (with	   different	   S-­‐haplotypes)	   using	  
degenerate	   primers	   (Aguiar	   et	   al.,	   2013;	   Cheng	   et	   al.,	   2006;	   De	   Franceschi	   et	   al.,	   2012).	   For	  
instance,	  both	  primers	  used	  in	  Aguiar	  et	  al.,	  (2013),	  namely	  SFBBgenF	  and	  SFBBgenR,	  are	  present	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only	   in	  at	   least	  65.5%	  of	  Malus	  and	  Pyrus	  SFBB	  sequences	  available	   in	  GenBank.	  So,	  even	  using	  
low	   annealing	   temperatures	   and	   higher	  magnesium	   concentrations,	  which	  may	   be	   sufficient	   to	  
amplify	   a	   larger	   percentage	   of	  SFBB	   genes	  with	   these	   primers	   (as	   performed	   in	   this	  work),	   the	  
possibility	   that	   S-­‐locus-­‐linked	   SFBB	   genes	  might	   not	   be	   obtained	  with	   this	   approach	   cannot	   be	  
excluded.	  Additionally,	  in	  Petunia,	  the	  S-­‐locus	  composition	  varies	  between	  different	  S-­‐haplotypes,	  
consequently,	   the	   number	   of	   SFL	   genes	   present	  within	   each	   S-­‐haplotype	   can	   also	   diverge	   (e.g.	  
S10-­‐	  and	  S19-­‐	  alleles	  are	  absent	  in	  SFL9;	  Kubo	  et	  al.,	  2015).	  So,	  this	  implies	  that	  different	  primers	  
combinations	   must	   be	   used	   to	   be	   sure	   that	   a	   SFBB/SFL	   gene	   is	   not	   present	   in	   a	   S-­‐haplotype.	  
Furthermore,	   levels	   of	   diversity	   cannot	   be	   used	   as	   a	   criterion	   to	   distinguish	   a	   S-­‐allele	   from	   a	  
paralogous	  gene	  (Aguiar	  et	  al.,	  2013).	  For	  instance,	  Kakui	  et	  al.,	  (2011),	  based	  on	  the	  phylogenetic	  
analysis	  and	  comparison	  of	  deduced	  amino	  acid	  sequences	  of	  P.	  pyrifolia	  F-­‐box	  genes,	  defined	  a	  
deduced	   amino	   acid	   identity	   of	   greater	   than	   88.0%	   as	   a	   tentative	   criterion	   for	   typing	   of	   F-­‐box	  
genes.	   Indeed,	   the	  exception	  of	   less	   than	  10%	  diversity	   reported	   for	   the	  Pyrus	  SFBB1	  gene	  was	  
due	  to	  the	  inclusion	  of	  two	  different	  SFBB	  genes	  (PpSFBB4-­‐d1	  and	  PpSFBB2-­‐d3;	  Kakui	  et	  al.,	  2011).	  
Though,	  on	  the	  other	  hand,	  M.	  domestica	  SFBB10,	  SFBB11	  and	  SFBB12	  have	  polymorphism	  levels	  
above	   10%	   (16,0%,	   11,4%	   and	   12,5%,	   respectively)	   and	   were	   considered	   to	   be	   single	   genes	  
(Aguiar	   et	   al.,	   2016	   data	   not	   published).	   Thus,	   the	   molecular	   characterization	   of	   diverged	  
sequences	  needs	  to	  be	  performed	  as	  was	  performed	  in	  this	  work,	  for	  SFBBGu8	  and	  SFBBN3	  -­‐	  two	  
highly	  divergent	  SFBB	  sequences	  of	  SFBB5	  and	  SFBB1,	  respectively.	  	  
In	   conclusion,	   although	   the	   majority	   of	   SFBB	   alleles	   exhibit	   90%-­‐99%	   amino	   acid	   identity	  
(Aguiar	   et	   al.,	   2013,	   Kakui	   et	   al.,	   2011;	   2015;	   Okada	   et	   al.,	   2013),	   the	   results	   here	   obtained,	  
regarding	  the	  SFBBGu8	  and	  SFBBN3	  diverged	  sequences,	  are	  in	  concordance	  with	  those	  obtained	  
in	  Petunia,	  where	  SFL	  diverged	   alleles	   share	   above	   70%	  amino	   acid	   identities	   (e.g.	  S7-­‐SLF3	   and	  
S11-­‐SLF3B	  with	  76.5%	  and	  72.0%	  amino	  acid	  identity,	  respectively;	  Kubo	  et	  al.,	  2015).	  Lastly,	  with	  
the	  characterization	  of	  the	  two	  divergent	  SFBB5	  alleles,	  the	  10	  S-­‐haplotypes	  covered	  by	  the	  nine	  
M.	  domestica	  cultivars	  here	  used,	  are	  now	  available	  for	  this	  gene.	  The	  10	  S-­‐haplotypes	  have	  also	  
been	  characterized	   for	  almost	  all	   the	  other	  SFBB-­‐like	  genes	   identified	   (Figure	  8).	  Accordingly,	   in	  
M.	  domestica,	  there	  is	  no	  evidence	  for	  copy	  number	  variation	  between	  S-­‐haplotypes.	  	  
	  
5.2.	  FROM	  F-­‐BOX	  GENES	   TO	  POLLEN	  S-­‐GENES:	  GENETIC	   LINKAGE	  ANALYSIS	  OF	  15	  SFBB-­‐
LIKE	  GENES	  WITH	  THE	  S-­‐RNASE	  GENE	  
Once	  identified	  the	  F-­‐box	  genes	  exhibiting	  similarity	  with	  those	  located	  on	  the	  S-­‐locus	  region,	  
in	  order	  to	  the	  identified	  genes	  being	  considered	  pollen	  S-­‐determinants	  they	  must	  present	  three	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major	  features:	  pollen-­‐specific	  expression,	  S-­‐haplotype-­‐specific	  polymorphism	  and	  linkage	  to	  the	  
S-­‐RNase	   gene	   (Kakui	   et	   al.,	   2011;	  Minamikawa	   et	   al.,	   2010).	   The	   18	   SFBB-­‐like	   genes	   identified	  
(Figure	  8)	  exhibit	  pollen-­‐specific	  expression	  and	  S-­‐haplotype-­‐specific	  polymorphism	  (Aguiar	  et	  al.,	  
2016	  data	  not	  published;	  Vieira	  CP,	  personal	  communication)	  thus,	  only	  linkage	  with	  the	  S-­‐RNase	  
gene	  remains	   to	  be	  established	  to	  consider	   them	  as	  pollen	  S-­‐genes.	  So,	   in	   this	  work,	   for	  SFBB2,	  
SFBB3,	  SFBB4,	  SFBB6,	  SFBB7,	  SFBB8,	  SFBB9,	  SFBB10,	  SFBB11,	  SFBB12,	  SFBB13,	  SFBB14	  and	  SFBB16	  
genes,	   linkage	   with	   at	   least	   one	   S-­‐RNase	   allele	   was	   established.	   Thus,	   these	   sequences	   are	  
considered	  to	  be	  located	  at	  the	  S-­‐locus	  region	  of	  M.	  domestica	  species.	  Although,	  while	  for	  SFBB8,	  
SFBB9,	   SFBB11	   and	   SFBB12	   genes,	   linkage	   with	   all	   S-­‐RNase	   alleles	   present	   in	   the	   F1	   progeny	  
tested	   (S1-­‐,	   S2-­‐,	   S9-­‐	   and	   S24-­‐)	   was	   established,	   for	   other	   SFBB-­‐like	   genes,	   no	   linkage	   was	  
established	   for	   a	   particular	   S-­‐RNase	   allele	   (SFBB2,	   SFBB3	   and	   SFBB7	   genes	   with	   S1-­‐RNase;	   for	  
SFBB4,	  SFBB7,	  SFBB13	   and	  SFBB14	  genes	  with	  S2-­‐RNase;	   for	  SFBB3,	  SFBB6,	  SFBB13	   and	  SFBB16	  
genes	   with	   S9-­‐RNase;	   and	   for	   SFFB3,	   SFBB10	   SFBB13	   and	   SFBB14	   genes	   with	   S24-­‐RNase).	   For	  
those	  cases	  where	  no	  linkage	  was	  established	  for	  a	  particular	  S-­‐RNase	  allele,	  restriction	  enzymes	  
for	   the	   distinctive	   polymorphic	   regions	  were	   absent	   (expect	   for	   SFBB13	   and	   SFBB16	   genes,	   for	  
which	  the	  linkage	  analyses	  were	  not	  performed	  and	  thus,	  further	  analyses	  are	  needed	  to	  address	  
this	   issue	   in	   future).	   In	   fact,	   it	   is	  challenging	  to	   find	  restriction	  enzymes	  able	  to	  distinguish	  each	  
SFBB	  alleles	  sequences	  given	  the	  low	  inter-­‐haplotypic	  diversity,	  within	  each	  SFBB	  gene,	  as	  can	  be	  
observed	   in	   Figure	   8	   (e.g.	   for	   SFFB3,	   S9-­‐SFBB3,	   S24-­‐SFBB3	   and	   S1-­‐SFBB3	   alleles	   share	   high	  
sequence	   identity)	   (Aguiar	  et	  al.	  2013;	  Kakui	  et	  al.,	  2011;	  Minamikawa	  et	  al.,	  2010;	  Sassa	  et	  al.,	  
2007).	  Thus,	  to	  complete	  the	  linkage	  analysis,	  specific	  primers	  for	  the	  polymorphic	  positions	  must	  
be	  designed.	  Nevertheless,	  such	  approach	  may	  also	  not	  be	  totally	  efficient	  since	  the	  SFBB	  alleles	  
may	  not	  present	  further	  differences	  in	  the	  region	  analysed.	  Regarding,	  S2-­‐SFBB8,	  S2-­‐SFBB14	  and	  
S24-­‐SFBB14	   alleles,	   the	   restriction	  patterns	  observed	  were	  not	   consistent	  with	   the	  predicted	   in	  
the	  RFLP	  sequence	  analysis	  and	  this	  could	  be	  due	  to	  the	  fact	  that	  the	  SFBB	  sequences	  used	  have	  
been	   inferred	   from	   the	   transcriptome	   analyses	   so,	   these	   sequences	   may	   contain	   errors.	   For	  
SFBBX11MONO,	  the	  tests	  performed	  are	  considered	  insufficient	  and	  the	  combination	  of	  primers	  
used	  (SFBBX11F+	  SFFBgenR)	  might	  not	  specifically	  target	  the	  desired	  fragment	  (for	  further	  details,	  
see	  7.	  Supplementary	  material;	  Figure	  2).	   Indeed,	  all	  PCR	  products	  should	  be	  sequenced	  to	   test	  
the	   specificity	  of	   the	  primers	  amplification.	   Lastly,	   for	  SFBBN4	  gene,	  no	   restriction	  enzymes	  are	  
able	  to	  distinguish	  the	  SFBB	  alleles	   thus,	  as	  mentioned	  before,	   further	  tests	  must	  be	  performed	  
involving	  different	  primers	  combination.	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In	  conclusion,	  13	  SFBB-­‐like	  genes	  studied,	  namely	  SFBB2,	  SFBB3,	  SFBB4,	  SFBB6,	  SFBB7,	  SFBB8,	  
SFBB9,	  SFBB10,	  SFBB11,	  SFBB12,	  SFBB13,	  SFBB14	  and	   SFBB16	   genes	  exhibit	   the	   typical	   features	  
expected	   for	   S-­‐pollen	   genes.	   So,	   these	   13	   SFBB-­‐like	   genes	   are	   pollen	   S-­‐determinants	   in	   M.	  
domestica	   species	   and	   can	   be	   further	   used	   to	   explore	  models	   of	   S-­‐RNase-­‐based	   GSI	   specificity	  
determination.	  	  
	  
5.3.	   DIFFERENT	   PHYLOGENETIC	   HISTORIES	   OF	   SFBB	   AND	   S-­‐RNASE	   ALLELES:	   A	   POSSIBLE	  
EXPLANATION	  
Regarding	   phylogeny	   comparison	   between	   SFBB	   and	   S-­‐RNase	   alleles,	   as	   can	   be	   observed	   in	  
Figure	  8	   and	   Figure	  13,	   both	   genes	   alleles	   exhibited	  no	   corresponding	  phylogenies.	   Specifically,	  
phylogenetic	   analysis	   showed	   that	  SFBB	   alleles,	  within	   each	  SFBB	   gene,	   exhibit	   high	   nucleotide	  
identity	  regardless	  of	  the	  identity	  of	  the	  S-­‐RNase	  allele	  (e.g.	  S1-­‐	  and	  S9-­‐alleles	  of	  SFBB3	  gene	  share	  
identical	   nucleotide	   sequences,	   whereas	   the	   alleles	   of	   the	   corresponding	   S-­‐RNases	   are	   quite	  
different).	  One	  possible	  explanation,	  for	  these	  apparently	  different	  evolutionary	  histories,	  is	  that	  
S-­‐RNases	   and	   SFBBs	   genes	  might	   have	   proliferated	   by	   different	  mechanisms,	   despite	   the	   tight	  
linkage	  and	  co-­‐inheritance	  as	  a	  single	  S-­‐haplotype	  (De	  Franceschi	  et	  al.,	  2012;	  Kubo	  et	  al.,	  2010).	  
According	   to	   the	   collaborative	   non-­‐self	   recognition	  model	   of	   Kubo	   et	   al.	   (2010),	   increasing	   the	  
repertoire	  of	  F-­‐box	  genes	  would	  be	  advantageous,	  as	   it	  would	   increase	  the	  number	  of	  potential	  
mating	   partners	   by	   allowing	   pollen	   to	   recognize	   and	  detoxify	  more	  non-­‐self	   S-­‐RNases,	  whereas	  
increased	  diversity	  regarding	  S-­‐RNase,	  would	  allow	  new	  S-­‐RNases	  to	  escape	  detoxification	  by	  the	  
existing	  repertoire	  of	  SFBB	  proteins	  (Kubo	  et	  al.,	  2010,	  2015).	  Thus,	  consistent	  with	  the	  previous	  
mentioned,	   SFBB/SFL	   genes	   might	   have	   proliferate	   through	   gene	   duplication	   with	   subsequent	  
functional	  diversification	  of	  the	  duplicated	  gene,	  without	  affecting	  the	  state	  of	  the	  original	  gene	  
repertoire	  of	  the	  pollen	  S	  functions,	  preserving	  this	  way	  the	  ability	  to	  recognize	  its	  former	  ‘target’	  
S-­‐RNases	  (De	  Franceschi	  et	  al.,	  2011;	  Kubo	  et	  al.,	  2010;	  Minamikawa	  et	  al.,	  2010).	  This	  predicted	  
pattern	  for	  SFBB/SFL	  gene	  proliferation	   is	  consistent	  with	  the	  different	  phylogenetic	  histories	  of	  
SFBB/SFL	   and	   S-­‐RNase	   alleles,	   their	   different	   polymorphism	   levels	   and	   the	   different	   S-­‐locus	  
structures	   and	   gene	   ordering	   on	   different	   S-­‐haplotypes.	   In	   agreement	  with	   these	   assumptions,	  
SFBB	  duplication	  and	  subsequent	  diversification	  seem	  to	  have	  accompanied	  the	  evolution	  of	  the	  
S-­‐locus	  of	  Pyrinae	  (De	  Franceschi	  et	  al.,	  2012).	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5.4.	  CONCLUSIONS	  
Non-­‐self	   recognition	   by	   multiple	   factors	   has	   been	   reported	   as	   being	   the	   GSI	   mechanism	  
present	   in	  Pyrinae	   (Aguiar	  et	  al.,	  2013;	  De	  Franceschi	  et	  al.,	  2012;	  Kakui	  et	  al.,	  2011).	  The	   large	  
number	  of	  SFBB	  genes	  reported	  is	  consistent	  with	  the	  scenario	  that	  a	  large	  repertoire	  of	  non-­‐self	  
S-­‐RNases	  are	  targeted	  and	  detoxified	  by	  multiple	  SFBBs	  (De	  Franceschi	  et	  al.,	  2012;	  Kakui	  et	  al.,	  
2011;	   Sassa	  et	  al.,	   2009).	   Furthermore,	  with	  exception	  of	  SFBB4,	   SFBB7,	   SFBB8,	   SFBB9,	   SFBB13,	  
and	  SFBBX11MONO	  genes,	  the	  SFBB	  genes	  identified	  present	  highly	  diverged	  alleles,	  which	  can	  be	  
possibly	  involved	  in	  the	  recognition	  of	  a	  particular	  non-­‐self	  S-­‐RNase,	  as	  proposed	  by	  Kubo	  et	  al.,	  
(2015)	  (for	  further	  details	  see,	  1.2.2.	  Collaborative	  non-­‐self	  recognition	  model).	  Kubo	  et	  al.,	  (2015)	  
also	  reported	  copy	  number	  variation	  within	  Petunia	  SFL	  genes,	  but	  this	  appears	  to	  not	  be	  the	  case	  
for	  M.	  domestica	  SFBB	   genes,	   since	   for	   the	  SFBB	   genes	   identified,	   detailed	   analyses	  of	   all	  SFBB	  
alleles	  are	  being	  obtained	  (Kubo	  et	  al.,	  2015).	  	  
In	   conclusion,	   the	   characterization	   of	   the	   pollen	   S-­‐genes	   involved	   in	   the	   self-­‐incompatibility	  
mechanism	   in	   M.	   domestica	   species	   is	   the	   first	   step	   to	   characterize	   self-­‐pollen	   rejection	  
mechanism	  in	  Pyrinae	  subtribe.	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Supplementary	   Figure	  1.	   Schematic	   representation	  of	  S1-­‐,	   S2-­‐,	   S9-­‐	   and	  S24-­‐RNases.	  Primers	  used	  to	  S-­‐genotype	  
the	  37	   individuals	  of	  F1	  progeny	   from	  the	  cross	  of	  Fuji	   (S1,	  S9)	  with	  Honeycrisp	   (S2,	  S24)	   cultivars	  are	  marked	  within	  
each	  S-­‐RNase	  allele	  sequence.	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Supplementary	   Figure	  2.	  Multiple	   alignment	  of	  SFBB	   genes	   reference	   sequences.	  Primers	  combinations	  used	  to	  amplify	  each	  SFBB	  gene	  are	  marked	   in	  colours.	  Different	  primers	  
combinations	  exhibit	  different	  colour	  codes,	  with	  exception	  for	  primers	  combination	  involving	  SFBB	  general	  primers,	  namely,	  SFBBgenF	  and	  SFBBgenR,	  which	  are	  marked	  in	  gray.	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   alignment	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  marked	   in	  colours.	  Different	  primers	  
combinations	  exhibit	  different	  colour	  codes,	  with	  exception	  for	  primers	  combination	  involving	  SFBB	  general	  primers,	  namely,	  SFBBgenF	  and	  SFBBgenR,	  which	  are	  marked	  in	  gray	  (cont.).	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